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Abstract

Cold water anomalies were found in the middle layer in the northern Taiwan Strait in the spring of 2015. The cold water was
located at a depth of approximately 10-20 m, with warm water situated both above and below this cold water layer. This study
investigated this phenomenon using a three-dimensional operational ocean model, in which the sea-surface net heat flux was
justified by nudging the appropriate sea-surface temperature (SST) obtained from remote sensing data while maintaining a
reasonable modeling skill level with respect to other parameters. The cold water anomaly phenomena were reproduced reason-
ably well in the model, and the mechanism can be determined by dynamic process analysis and thermal diagnosis of the model
results. In the spring of 2015, when the northeasterly monsoon in the Taiwan Strait relaxed and changed to southwesterly, the
offshore movement, which was related to both the geostrophic adjustment and Ekman transport in the upper layer, was supple-
mented by the bottom Ekman onshore transport at the lower level, which resulted in the presence of warm water at the bottom.
Meanwhile, the increased solar radiation heated the water at the surface. In the model diagnostic analysis, such warming effects
can be demonstrated by cross-strait horizontal advection and vertical diffusion, while in the middle layer, the warming effect was
not particularly significant, which was the cause of the cold water anomaly.
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TWB Taiwan Bank MB Mean bias
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PHI Penghu Island RMSD  Root-mean-squared difference
CcCC China Coastal Current WS Willmott skill
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Fig. 1 TFOR’s modeling domain (a), bottom topography (units: m) of
the TWS (b), and observation stations in the TWS (c¢). (a) The blue line
shows the TFOR domain, and the red box shows the location of the
zoomed-in view (b). ECS, SCS, and TWS denote the East China Sea,
South China Sea, and Taiwan Strait, respectively. (b) TWB, PHC, PHI,
ZYR, and PTI denote the Taiwan Bank, Penghu Channel, Penghu Island,
Zhangyun Ridge, and Pingtan Island. Major currents in the TWS

(PHI) and Taiwan in the southeastern TWS. The TWS is in the
subtropical monsoon regime with northeasterly wind dominating
in the winter and southwesterly wind prevailing in the summer.
The monsoon, circulation pattern in the northern SCS, riverine
water input, and Kuroshio intrusion are all related to the temporal
and spatial variation in the circulation pattern of the TWS along
with its complex bottom topography (Hong et al. 2011).
Generally, there are three primary currents in the TWS, including
the China Coastal Current (CCC) in the western TWS, the
Kuroshio Branch Current (KBC), and the extension of the
South China Sea Warm Current (SCSWC). Hu et al. (2010)
reviewed more than 150 studies and summarized the current
pattern and water mass transport in the TWS. In their work,
they found that the general current pattern can be influenced by
wind conditions associated with different synoptic processes. Wu
etal. (2007) reproduced synoptic, seasonal, and interannual TWS
current variations with a numerical model that has a horizontal
grid size that varies from 3 to 10 km with finer resolution near the
center of the TWS and found that the Zhang-Yun Rise (ZYR)
blocks a portion of the southward CCC. In general, the CCC
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including the China Coastal Current (CCC), the Kuroshio Branch
Current (KBC), and the extension of the South China Sea Warm
Current (SCSWC) are denoted by solid blue arrows. The arrows of u
and v delineate the direction of the analyzed velocity that crosses and
moves along the TWS. (c) Blue dots are cruise stations, and the red dot
represents the bottom-mounted ADCP

flows southwestward along the western coast of the TWS.
Occasionally, there is an offshore branch located off Pingtan
Island (PTT) in the western strait and extending to the ZYR,
which then returns northeastward, forming a U-shaped flow pat-
tern in the northern TWS. With the use of an operational numer-
ical model, the separation of the CCC was reproduced by Wang
et al. (2016) and Lin et al. (2016). The separation mechanisms
were described by Liao et al. (2013) as a geostrophic adjustment,
and Oey et al. (2014) characterized them as a stationary Rossby
wave. Jan et al. (2006, 2002) reported that the KBC is usually
restricted to the PHC when the northeasterly wind prevails in
winter. The weakening of the northeasterly wind in February
and March releases the blocked KBC, which can then move
northward, while the CCC remains confined to the west coast
of the TWS. Hu et al. (2003) identified four upwelling regions in
the TWS in the summer months, with one along the southwest-
ern coast of the TWS, one along the northwestern coast of the
TWS, another near the TWB, and a fourth one around the
Penghu Islands. They are induced primarily by the Ekman trans-
port mechanism during the summer monsoon season.
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Several numerical models of the TWS have been devel-
oped to evaluate or predict physical processes and
characteristics in the strait. Jan et al. (2002) presented a
numerical model to reproduce salient features of seasonal
variations in the circulation of the TWS based on observa-
tional data. Jiang et al. (2011) used a nested circulation
model based on the Princeton Ocean Model (POM) to
study the upwelling events in the southern TWS and re-
vealed that the colder water carried to the near-surface layer
can be diffused up into the surface layer as a result of tidal
mixing, which forms the TWB upwelling. Based on the
POM for the TWS, Hu et al. (2011) explained the variable
structures of temperature, salinity, and water mass in the
southwestern TWS during the summer. Oey et al. (2013)
developed a data-assimilated Taiwan Ocean Prediction
(ATOP) model that simulated sea-surface height, three-
dimensional currents, temperature, salinity, and turbulent
mixing. Lin et al. (2016) assessed the overall performance
of the TWS Nowcast/Forecast System (TFOR) and found
that the model can be used to obtain three-dimensional
results in terms of temperature, salinity, and velocity with
a reasonable degree of accuracy. In addition to these phys-
ical studies, mechanisms related to the physical-biological
processes in the TWS have also been studied based on the
TFOR, such as the TWS cold disaster in 2008 by Liao
et al. (2013), the cape and canyon effect on the upwelling
off the northwestern coast of the TWS proposed by Chen
et al. (2014), the coupled physical-biological model used by
Wang et al. (2016, 2013) to simulate nutrient fate in
summer and winter blooms in the TWS, and a
mechanism proposed by Lu et al. (2015) for the winter
Luzon bloom in the oligotrophic SCS.

Temperature inversion occurs when the vertical tempera-
ture profile shows colder water in the upper layer and warmer
water in the lower layer. It is usually accompanied by a salin-
ity profile where fresh water is present in the upper layer, and
saline water comprises the lower layer while stable stratifica-
tion is maintained (Chen et al. 2006). The phenomenon has
also occurred in the TWS during autumn, winter, and spring
(Qiu et al. 2012; Xiao et al. 2002; Yan 1991) with different
spatial and temporal variations (Hao et al. 2010). There are
generally two formation mechanisms responsible for temper-
ature inversion, including the generation of cold and fresh
water in the surface layer from a significant cooling effect
and local precipitation in winter (Hao et al. 2010; Ueno and
Yasuda 2005) and the advection of cold and fresh water over
warm and saline water by ocean currents (Thadathil and Gosh
1992). Guan (1999) and Qiu et al. (2012) noted that the tem-
perature inversion in the TWS is primarily generated by the
second mechanism.

The cold water anomaly in the middle layer, which is
associated with temperature inversion, refers to relatively
cold water located in the middle layer with warm water

found in the upper and lower (bottom) layers. Previous
studies have focused on this phenomenon that was in the
East China Sea and the Yellow Sea. They proposed that
increasing temperatures in both the surface and bottom
layers in spring and the advection of cold water in the
middle layer are the primary reasons for the phenomenon
(Ding and Lan 1995; Wang et al. 2002; Xu et al. 2000).
However, causal links were provided in a relatively de-
scriptive and general manner. The intrinsic mechanisms
attributable to specific conditions that could create the
cold water anomaly in the middle layer in the TWS have
not been reported prior to this study.

In this study, a numerical model based on TFOR was used
to reproduce and analyze the middle-layer cold water anomaly
found in the northern TWS in the spring of 2015. The remain-
der of this paper is organized in the following manner. The
observational data and model system are outlined in Section 2.
The model performance is evaluated in Section 3. The mech-
anism analysis of the cold water anomaly in the middle layer is
presented in Section 4, and the conclusions are summarized in
Section 5.

2 Data and model
2.1 Statistical methods

Several statistical metrics are introduced to evaluate
model performance with the use of observational data.
The mean bias (MB) gives the mean difference between
the modeling results and observed data. The correlation
coefficient (CC) shows the collinearity relationship be-
tween their time series, whereas the root-mean-squared
difference (RMSD) provides the absolute difference be-
tween the two datasets, and the Willmott skill (WS,
Willmott 1981) quantifies the extent of agreement be-
tween them, the value of which varies from 0 to 1,
which represents a corresponding range from no agree-
ment to perfect agreement, respectively. The definition of
these statistical metrics is as follows:

MB = (m—o) (1)
CC =[S, (mi(m) (or~(0))] /(n0w,) 2)
Ruis = /52 m0 ] o)
Ws = 1=((m=0)" )/ ((Im~0)| + lo~(0)])" ) (4)

where m and o represent the time series of the model results
and observational cruise data, respectively. In this study, # is
the number of samples, and o represents the standard devia-
tion. Angled brackets denote a mean operator.
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2.2 Observations

An investigation cruise was organized by Xiamen University
and served by R/V Yanping No. 2 from March 30 to April 3,
2015. There were 60 hydro-cast stations within 9 sections.
The time series of the vertical current velocity profile at 1-h
intervals from February 19 to March 31, 2015, was obtained
from a bottom-mounted acoustic current profiler (ADCP) de-
ployed off the coast of PTI (Fig. 1c).

2.3 Model system

Based on the Regional Ocean Modeling System (Shchepetkin
and McWilliams 2003; Shchepetkin and McWilliams 2005), a
free-surface, terrain-following, primitive equation ocean cir-
culation model under hydrostatic and Boussinesq assump-
tions, the TFOR of the TWS was developed and maintained
(Chen et al. 2014; Lin et al. 2016; Lu et al. 2015; Wang et al.
2016; Wang et al. 2013). The modeling domain covers the
northwestern Pacific Ocean using curvilinear-orthogonal grids
with a 45-km resolution at the open boundary and a 1.5-km
resolution in the TWS (Fig. 1a). A total of 30 vertical layers
were derived using a stretching function, where 6, =3.0, 0, =
0.4, and /.= 10m following the S-coordinate scheme (Song
and Haidvogel 1994). Chapman (1985) boundary conditions
were used for free surfaces, Flather boundary conditions
(Flather 1976) were used for two-dimensional momentum,
and clamped boundary conditions were employed for three-
dimensional momentum and tracers. The lateral open bound-
ary, including sea level, velocity, temperature, and salinity,
was obtained from MyOcean (http://ecmwf.int/en/research/
projects/myocean) in addition to the initial fields on January
1, 2014. Tidal forcing with 10 main tidal components (M5, S>,
N>, K5, K, Oy, Py, O, My, and M,,) was provided by TPXO7.
0 (Egbert and Erofeeva 2002) at the lateral boundary. The
monthly mean discharges of the major rivers along the main-
land coast, including the Yangtze, Pearl, Yalu, Liaohe,
Luanhe, Ou, Minjiang, Jiulong, and Hanjiang Rivers, were
also included in the model, with their salinities set at zero.
The model bathymetry was obtained by combining 25 digi-
tized ocean charts from the Maritime Safety Administration
(China), the 0.5’ gridded bathymetry of the TWS (http://www.
odb.ntu.edu.tw), and the ETOPO2v2 data published by the
National Geophysical Data Center at the National Oceanic and
Atmospheric Administration (NOAA, https://www.ngdc.noaa.
gov). A weak filter (rfact=0.35) was applied to smooth the
bathymetry to reduce the unexpected diapycnal mixing error.
The air-sea flux, including momentum flux, heat flux, and
freshwater flux, was interpolated from data provided by the
Weather Research and Forecast Model (WRF) with 0.2° reso-
lution in Fujian Marine Forecasts (http://www.fjmf.gov.cn/
Ocean863Web MAIN/default.aspx#szyb). The details of the
model settings can be found in Lin et al. (2016). Moreover, in
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this study, the sea-surface net heat flux (Qnz7) was justified by
nudging the referenced sea-surface temperature (SST) (77¢)
with a relaxation coefficient to improve the modeling perfor-
mance of temperature.

Ongr = O'ner + dQdSST - (Tgef—TS> (5)

where O'veris the net heat flux that can be calculated from the
bulk flux algorithm (Fairall et al. 1996) and dQdSST is the net
heat flux sensitivity to the SST (Barnier et al. 1995). T is the

SST from the model, and T g@f is the referenced SST, which is
the nudging target. Three candidates were evaluated to deter-

mine the appropriate 7 gef , including the World Ocean Atlas
climatological SST data (WOA, https://data.nodc.noaa.gov/
woa/), the Multiscale Ultrahigh Resolution daily SST data
(MUR, https://data.nodc.noaa.gov/ghrsst/L4/GLOB/JPL/
MUR/), and the National Centers for Environmental
Prediction SST data (NCEP, https://data.nodc.noaa.gov/ncep/)
, all of which are from the National Oceanographic Data Center
of NOAA. Figure 2 presents a comparison of the observed SST
from the investigation cruise and the referenced SST, whereas
the corresponding statistical comparison metrics (values of MB,
CC, RMSD, and WS) are presented in Table 1. The SST based
on the MUR data was found to be the best match with the
observational SST data (Fig. 2) with higher CC and WS values
of 0.72 and 0.84, respectively, and lower MB and RMSD
values of 0.31 °C and 1.70 °C, respectively, whereas the
WOA and NCEP datasets did not display such performance.
Consequently, the MUR SST data were used for the nudging
process to justify the model sea-surface net heat flux, Oygr. The
value of dQdSST was set to 150 (Wm 2° C™") in the research
domain, which means the relaxing time was approximately
19 days in the TWS (Barnier et al. 1995). With the net heat
flux adjusted by the MUR SST data, the model was hot-started
from the TFOR restart file on January 1, 2014.

3 Model evaluation
3.1 Velocity comparison

Figure 3 compares velocities from the modeling results and
the buoy (location is presented in Fig. 1¢) from February 25 to
April 5, 2015. The velocities at the surface, middle, and bot-
tom layers and the vertically averaged velocity were rotated to
the cross-strait (u) and along-strait (v) directions (Fig. 1b).
Modeled velocities with and without nudging the SST and
tidal influence (36-h low-pass-filtered) were all involved in
the comparisons. The temporal variation of the wind at the
buoy is also presented.

As shown by the observed data, both the cross-strait (u)
and along-strait (v) velocity components (especially the along-
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Fig. 2 Comparison of referenced sea-surface temperature T'Sef from three different datasets ((a) WOA, (b) MUR, and (¢) NCEP, base map) and the

measured SST along the cruise path from March 30 to April 3, 2015

strait component) were significantly related to the temporal
variation of the wind. Vertical uniformity in the along-strait
velocity component (v) for both the observations and model
results was also determined (Fig. 3b—3d). The along-strait
component (v) turned from negative/southward to positive/
northward over the entire water column during the relaxation
of the northeasterly monsoon (i.e., from March 10 to
March 17), which indicated the along-strait current in the
TWS was dominated by both wind stress and a northward
pressure gradient. Meanwhile, when the northeasterly wind
switched to southwesterly, the cross-strait velocity component
(u) at the surface tended to be opposite of that at the bottom
(e.g., March 18-19 and March 31 to 1 April). This offshore
velocity component (positive u) at the surface indicated that
there was an offshore branch of the coastal current at the
western strait. This phenomenon of current separation was
reported and evaluated in several studies (e.g., Lin et al.
2016; Wang et al. 2016; Wu et al. 2007).

The model results of velocity at the buoy site showed the
same temporal tendency as the observations (Fig. 3b—3q).
Table 2 provides the corresponding statistical comparison
metrics. Without nudging the SST, the MB, CC, RMSD,
and WS, results for the vertically mean along-strait velocity
component (v) between the observational data and model

Table 1 Comparison metrics between the observed SST and the
referenced SST from three different datasets (WOA, MUR, and NCEP)

Dataset MB(°C) CcC RMSD(°C) WS
WOA 1.00 0.61 2.20 0.66
MUR 0.31 0.72 1.70 0.84
NCEP 2.00 0.62 2.80 0.56

outputs were —0.075, 0.861, 0.245, and 0.919, respectively,
and those for the vertically mean cross-strait velocity compo-
nent (u) were —0.048, 0.497, 0.122, and 0.678, respectively.
With tidal influence removed, the MB, CC, RMSD, and WS
values were —0.073, 0.877, 0.167, and 0.922 for the vertically
mean along-strait velocity component (v) and —0.048, 0.132,
0.067, and 0.390 for the vertically mean cross-strait velocity
component (u), respectively. The modeling results showed
that the along-strait velocity component (v) was reproduced
better than the cross-strait component (u). In a word, the sta-
tistical metrics for model outputs from nudging the SST were
quite comparable with those without nudging the SST.

In general, the model captured the basic current pattern in
the TWS, and the volume flux of CCC in the model was rea-
sonable (Lin et al. 2016). The observation and model results
both indicated that the along-strait velocity component (v) was
stronger than the cross-strait component (u), and it had a cor-
respondingly larger CC value. The comparisons also revealed
that the observations had more positive values for both the
velocity components than the model results, especially in the
surface layer, which indicated that the northward and offshore
current in the model were weaker than that in the observations.
This may be due to the stronger and more uniform northeasterly
wind in the model than the observations (Fig. 3a).

3.2 Tracers comparison

The in situ measurements described in Section 2.2 indicated
some important characteristics in the springtime TWS seawa-
ter properties (Fig. 4). The cold and fresh CCC flowed in the
western portion of the sections, whereas the warm and salt
southern water transported by both the KBC and SCSWC
occupied the middle and eastern parts of the sections. Fresh
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The red vectors indicate the observed wind, and the blue vectors indicate
the WRF wind. Current verification with and without tidal influence in
the along-strait v (b—i) and cross-strait u (j—q) directions for surface,

and cold water of the CCC stretched nearly to the northern part
of the TWS eastern coast (e.g., sections Y1 and Y2), whereas
it was limited to within 60 km off the western coast in the
middle part of the strait (e.g., sections Y3, Y4, X1). Front was
formed at about 40—100 km offshore, where the two water
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middle, and bottom layers, in addition to the mean depth. The red lines
indicate the observed velocity; the blue lines and green lines indicate the
modeled velocity with and without nudging the SST, respectively. The u
and v direction and location of the buoy are shown in Fig. 1

masses converged with dense tracer contours (salinity and
temperature) stretching from the eastern part of the sections
at the surface to the western part of the sections at the bottom
(Fig. 4). Temperature and salinity were vertically homoge-
nous at multiple offshore stations, including stations G5, H2,

Table 2 Comparison metrics

between the observed and modeled Metrics ~ MB (m/s) cC RMSD (m/s) WS

velocity components in the surface,

middle, and bottom layers, as well Direction Layer NoNUG NUG NoNUG NUG NoNUG NUG NoNUG NUG

as the vertically mean velocity U Surface  —0.039  —0.016 0373 0348  0.187 0200 0.617 0.603

components at the station of the Middle  -0.034  —0.022 0421 0427 0138 0137 0640 0652

bottom-mounted ADCP (Fig. 1c).

Modeled velocity with and without Bottom  —0.049  —0.054  0.429 0416  0.188 0.195  0.654 0.645

nudging SST (NUG and NoNUG) Mean -0.048  —0.038  0.497 0487  0.122 0.120  0.678 0.683

as well as removing tidal influence U (no tide) ~ Surface —0.037  —0.014 0374 0373 0.108 0.120  0.594 0.572

(36-h low-passfiltered) were all Middle —0.034  —0.021 0284 0358  0.071 0.067 0.513 0.605

involved. The u and v directions are

shown in Fig. 1b Bottom —0.051  —0.055 0.627 0.553  0.077 0.084  0.707 0.663
Mean -0.048  —0.037 0.132 0.173  0.067 0.064 0390 0.407

A Surface 0215  —0219 0.834 0.836  0.385 0401  0.871 0.867
Middle —-0.106  —0.105  0.857 0.858  0.286 0.288 0.913 0914
Bottom  0.002 —-0.001  0.766 0.776  0.226 0222 0872 0.879
Mean -0.075  -0.077 0.861 0.863  0.245 0249 0919 0919
V (notide) Surface —0213  -0217 0.862 0.845 0302 0326 0.857 0.844

Middle —-0.103  -0.101  0.876 0.873  0.201 0203 0914 0912
Bottom  0.005 0.002  0.774 0.838  0.129 0.114  0.859 0.887
Mean -0.073  -0.074 0.877 0.874  0.167 0.171  0.922 0919
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Fig. 4 Observed salinity (a—i) and temperature (j—r) distributions along each section of the cruise from March 30 through April 3, 2015. The cruise

sections are presented in Fig. 1c

Y43, and Y34a. Temperature inversion appeared in the north-
ern sections with cold water at the surface and warm water at
the bottom (Fig. 4n—4r). However, the static stability could be
maintained with normal salinity patterns (Fig. 4e—4i). The
cold water anomalies in the middle layer (~20 m) were evident
in sections Y1 and Y2 (Fig. 4q and p), which were about 10-m
thick and extended to around 60-80 km offshore.

Figure 5 shows modeled salinity distributions along each
section without nudging the SST, which were virtually the
same as the modeled salinity distributions with nudging of
the SST. Figures 4 and 5 indicate that model results captured
the salinity distribution patterns in the TWS with respect to the
observational data. The statistical analyses revealed that with-
out nudging the SST, the MB, CC, RMSD, and WS values for
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Fig. 5 Distributions of modeled salinity without nudging the SST along each section on the corresponding cruise date from March 30 through April 3,
2015; the results with nudging the SST were virtually the same. The cruise sections are presented in Fig. 1c

the salinity simulation in the TWS were —0.01 PSU, 0.83,
0.65 PSU, and 0.91, respectively. With nudging process, those
values became —0.20 PSU, 0.83, 0.66 PSU, and 0.90, respec-
tively. This comparability indicated that the SST nudging pro-
cess could maintain a reasonable modeling skill with respect
to salinity.

Figure 6 provides a comparison of temperature distribu-
tions for each section from the modeling outputs with and
without nudging of the SST. Without nudging, the modeled
temperature was overestimated compared with the observa-
tions over the entire TWS water column, and the cold water
anomalies in the middle layer were not well reproduced
(Fig. 6a—61). In this case, the MB, CC, RMSD, and WS values
for the temperature simulation in the TWS were 3.70, 0.88,
3.86, and 0.61 °C, respectively. The relatively high CC indi-
cated that the model without nudging of the SST captured the
same spatial structure of the temperature distribution in the
TWS as the observations to some degree, whereas the high
MB might be related to the inaccuracy of the sea-surface net
heat flux estimates in the model. With the nudging process
described in Section 2.3, model performance with respect to
temperature has been improved (Fig. 6j—6r) with the MB, CC,
RMSD, and WS values being 0.71, 0.93, 1.08, and 0.94 °C,
respectively. Therefore, nudging of the SST significantly im-
proved the modeling performance with respect to temperature.

In general, with nudging of the SST, the spatial distribu-
tions of temperature in the TWS during the observation period

@ Springer

were captured. The cold water anomalies in the middle layer
along sections Y1 and Y2 (Fig. 6q and p) were reproduced
reasonably well, whereas other parameters, such as salinity
and velocity, maintained their original values.

4 Analysis of middle-layer cold water anomaly
4.1 Dynamic process analysis

To find the mechanism of the cold water anomalies in the
middle layer of sections Y1 and Y2, modeled distributions
of cross-strait (u) and along-strait (v) velocity components in
section Y1 from March 30 to April 2, 2015, with nudging of
the SST are plotted in Fig. 7, where the contours identify the
factors behind the variation of the temperature distribution
along the section. To diminish the artificial effects induced
by SST nudging within the modeled physical process, the
simulation results with a much weaker SST nudging, i.e., the
relaxation time is set to 120 days, beginning at March 1, 2015,
are used to do the analysis. Although the modeled temperature
with weak nudging presented in Fig. 7 is a little bit higher than
that with strong nudging in Fig. 6, phenomenon of the middle-
layer cold water anomalies is also reasonably reproduced, and
the momentum and tracers diagnoses are almost the same
(figures not shown here).
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Fig. 6 Distributions of modeled temperature along each section without (a—i) and with (j—r) nudging the SST on the corresponding cruise date from
March 30 through April 3, 2015. The cruise sections are presented in Fig. 1c

The modeled cross-strait velocity component (u) was
positive/offshore within the upper 15 m and negative/onshore
in the lower layer of the section from March 31 to April 2
(Fig. 7b-7d). It is worth noting that the offshore velocity com-
ponent (positive u) was an indicator of coastal current separation.
The current separation is consistent with the studies by Lin et al.
(2016) and Wang et al. (2016). They reported that the CCC flows

southwestward along the western coast of the TWS and has an
offshore branch that leaves the main stream and flows to the
central strait when the northeasterly wind relaxes or switches to
southwesterly. The mechanism for the offshore velocity
proposed by Liao et al. (2013) is due to a geostrophic adjustment.
In the spring of 2015, the monsoon in the TWS operated north-
easterly from March 20 to March 30, and it relaxed roughly on
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dashed contours; units: m/s) and along-strait (v) component across
section Y1 ((e—h) northward is positive with solid contours; southward
is negative with dashed contours; units: m/s) with modeled temperature

March 27 and switched to southwesterly near March 31 (Fig. 3a).
On March 30, when the northeasterly wind relaxed, except for
the surface current along the coast was flowing south and extend-
ing offshore (Fig. 7a and e), the current in the TWS was flowing
northward and onshore. From March 31 to April 2, when the
wind came from the southwest, the offshore velocity component
at the surface could extend to all the sections due to the Ekman
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distributions (shadow) along the section during March 30 to April 2,
2015. The u, v direction and location of section Y1 are shown in Fig. 1.
Model results with weak nudging of 120-day relaxation time starting at
March 1, 2015, are used for the analysis

transport. The offshore current on March 30 was related to geo-
strophic adjustment. Cushman-Roisin and Beckers (2011) pro-
posed that the distance over which the light nearshore water spills
offshore in the adjusted state is the radius of deformation (Eq.
(6)).

R=+/gH/f (6)
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In Eq. (6), g is the reduced-gravity constant g =gV p/po,
where g is the gravitational acceleration, p, is the reference
density, and Vp is the characteristic density difference along
section Y'1. A is the characteristic depth of the light nearshore
water, and fis the local Coriolis parameter. The estimate of the
radius of deformation gave the offshore moving distance of
~20 km, which coincided with the modeled offshore velocity
component (positive u, Fig. 7a). In addition, supplementary
bottom Ekman onshore transport was also induced (Fig. 3p
and Fig. 7a—d), whereas the along-strait velocity component
(v) was positive/northward in all the sections (Fig. 3f- and
Fig. 7e-h). This presence of the uniformly northward along-
strait velocity component (positive v) in the TWS during the
relaxation of the northeasterly wind was consistent with stud-
ies by Jan et al. (2006); Jan et al. (2002); Oey et al. (2014);
Wang et al. (2016); and Wu et al. (2007). In addition, Yang
(2007) proposed that there is a northward pressure gradient
force in the TWS all the year around.

The vertical distributions of temperature along the section
Y1 from March 30 to April 2 are also provided in Fig. 7
(shadow map). The basic features included the presence of
warmer water in the eastern part of the section, whereas colder
water was found in the western part. The offshore current
related with the geostrophic adjustment carried the cold water

to 30 km in the upper 25 m on March 30 when the northeast-
erly wind relaxed, and the surface Ekman effect transported it
further offshore to 80 km within the upper 15 m under the
southwesterly wind. In the bottom layer, the onshore velocity
component (negative u) transported warm water onshore. As a
result, the front tilted, stretching offshore within the upper
15 m and onshore in the lower layer of the section.
Meanwhile, the uniformly northward along-strait velocity
component (positive v) over the entire section carried more
southern warm water significantly during this period and re-
sulted in a gradual increasing of temperature throughout the
section. It is also important to note that the temperature in the
thin surface layer (approximately 0—10-m depth) increased
from April 1 to April 2 (Fig. 7c and d), although the cold water
was moving offshore from the western part of the section in
the upper layer. This process is described in greater detail in
the following section.

To further demonstrate the roles and occurrence sequence
of geostrophic adjustment as well as the surface and bottom
Ekman effects during the development of the phenomenon,
modeled time series of cross-strait (u, Eq. (7)) and along-strait
(v, Eq. (8)) momentum budget terms in the surface and bottom
layers at station Y12a are presented in Fig. 8.
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In Eq. (7) and Eq. (8), u, v, and w are the cross-strait (pos-
itive/offshore), along-strait (positive/northward), and vertical
(positive/upward) velocity components, and x, y, and z are the
corresponding coordinates (Fig. 1b). ¢ is time, p is pressure, s
the Coriolis parameter, and pj is a constant reference density
which equals 1025 kg m . A, and A. are the horizontal and
vertical turbulent viscosity coefficients, respectively. The ac-
celeration term (accel) is on the left-hand side, and the right-
hand side presents the total advection term (adv), Coriolis
term (cor), pressure gradient term (prsgrd), horizontal viscos-
ity term (hvisc), and vertical viscosity term (vvisc), within the
momentum budget as denoted in the equations, with the cap-
ital U and V indicating the corresponding terms in the cross-
strait and along-strait directions, respectively.

The wind stress induced vertical viscosity term changed
sign at March 30 for both the cross-strait and along-strait
budget in the surface layer (Fig. 8a and b), when the north-
easterly wind relaxed to nearly zero. As a result, the cross-
strait momentum balance turned to be dominated almost by
the geostrophic balance at that day, indicating the significant
role of the geostrophic adjustment. With the increasing south-
westerly wind from March 31 to April 2, the cross-strait sur-
face budget became a balance among the pressure gradient
term, Coriolis term, and the vertical viscosity term, while the
along-strait surface budget was nearly dominated by the
Coriolis term and vertical viscosity term. Consequently, in
the surface layer, the geostrophic adjustment occurred domi-
nantly at March 30 when the wind in the TWS was nearly
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Fig. 8 Modeled time series of the cross-strait (u) momentum budget
terms ((a) for the surface layer and c for the bottom layer, offshore is
positive and onshore is negative; units: m s 2) and along-strait (v)
momentum budget terms ((b) for the surface layer and d for the bottom
layer, northward is positive and southward is negative; units: m s ) at
station Y 12a during March 27 to April 2, 2015. Accel, prsgrd, cor, vvisc,

zero, then the surface Ekman effects from the increasing
southwesterly wind was becoming more and more significant
comparing with the geostrophic adjustment during March 31
to April 2, until the development of the cold water anomalies
in the middle layer.

In the bottom layer, the momentum budget was always a
balance between the pressure gradient term, Coriolis term, and
the vertical viscosity term from March 27 to April 2, despite of
the wind transition process (Fig. 8c and d). The increasing
positive cross-strait bottom vertical viscosity term (blue line
in Fig. 8c) corresponded to the enhancing onshore velocity
component in the lower layers (Fig. 7a—d) from the supple-
mentary bottom onshore Ekman transport of the southwester-
ly wind.

4.2 Thermal diagnosis

The physical effects on the variation of temperature distribu-
tion can be demonstrated clearly from the model result diag-
nostic (Eq. (9)). The diagnosis also uses model results with
weak SST nudging (120-day relaxation time starting at
March 1, 2015) to decrease the artificial effects on the physical
process as Section 4.1. The left-hand side of Eq. (9) is the
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hvisc, and adv denote the acceleration term, pressure gradient term,
Coriolis term, vertical viscosity term, horizontal viscosity term, total
advection term in Eq. (7) and Eq. (8). The u, v direction and location of
station Y12a are shown in Fig. 1. Model results with weak nudging of
120-day relaxation time starting at March 1, 2015 are used for the analysis

tendency term. The right-hand side includes the advection
and diffusion terms.

8_T oT oT oT
ot

u§+va—y+wa—z> + Dif', + Dif , 9)
where T'is temperature and u, v, w, and ¢ are as aforementioned
descriptions for Eq. (7) and Eq. (8). (—udT/0x — voT/dy) and
(—w0T/07) are the horizontal and vertical advection terms, re-
spectively. (—u0T/0x) and (—vOT/0y) are the cross-strait (u)
and along-strait (v) components of the horizontal advection
term, respectively. Dif), and Dif, are the horizontal and vertical
diffusion terms, respectively, whereas the latter includes the
net heat flux at the surface.

The distributions of the advection terms in Eq. (9) along
section Y1 on April 1 are shown in Fig. 9. On March 31, the
wind in the TWS switched from northeasterly to southwester-
ly (Fig. 3a). The cross-strait component of the horizontal ad-
vection term had a significant warming effect in the lower
layer (roughly > 15-m depth) and a relatively weak cooling
effect on the upper 15-m layer on April 1 (Fig. 9a). This was
consistent with the corresponding offshore current pattern de-
scribed in Section 4.1. The along-strait horizontal advection
imposed a cooling effect on the inner stations Y11 and Y12a
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Fig. 9 Vertical distributions of the cross-strait (a) and along-strait (b)
components of the horizontal advection term, vertical advection term
(c) as well as the total advection term (d) in Eq. (9) along section Y1 on

(Fig. 9b), which might be due to the southward current there
(Fig. 7e). Compared with the horizontal term, the vertical ad-
vection term exhibited a relatively weak thermal effect on the
section (Fig. 9c). It is worth noting that there were parallel
patchiness regions about 10 m thick and 10 km wide with
different signs, which may be related to small-scale physical
processes, which require further study. The thermal effects of
the total advection had a warming effect on the bottom 20-m
layer between stations Y11 and Y13, as well as a relatively
weak cooling effect on the upper 15-m layer (Fig. 9d).
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Y12b
—
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April 1 (units: °C/s). The location of section Y1 is shown in Fig. lc.
Model results with weak nudging of 120-day relaxation time starting at
March 1, 2015 are used for the analysis

The distribution of vertical diffusion along section Y1 on
April 1 is shown in Fig. 10. The vertical diffusion exhibited a
significant warming effect on the top 10 m of the surface layer,
which was likely induced by the downward net heat flux during
this period (Fig. 10), whereas the horizontal diffusion had a
minimal contribution to the variation in temperature (not shown
here). Figure 10 shows that the significantly increased heat with-
in the surface layer cannot be transferred easily down to the
deeper layers, suggesting the damped vertical mixing process
during the middle-layer cold water anomalies phenomenon.

LA | N L

50 60 70 80
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Fig. 10 Vertical distribution of the vertical diffusion term in Eq. (9) along section Y1 on 1 April (units: °C/s). The location of section Y1 is shown in Fig.
lc. Model results with weak nudging of 120-day relaxation time starting at March 1, 2015 are used for the analysis
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The diagnostic analysis showed that the cross-strait hori-
zontal advection and vertical diffusion/net heat flux imposed
positive thermal contributions to the 20-m-thick bottom layer
and the 10-m-thick upper layer of section Y1, respectively,
prior to April 2, whereas in the middle layer, the warming
effect was not so significant, resulting in the presence of the
middle-layer cold water anomaly.

5 Conclusions

In situ observations found uncharacteristic cold water anom-
alies in the middle layer in the northern TWS in the spring of
2015. To the best of our knowledge, prior to this study, the
scenarios and related mechanisms have not been reported un-
ambiguously. This study employed a three-dimensional oper-
ational numerical model, in which the sea-surface net heat flux
was justified by nudging the appropriate MUR SST, to repro-
duce and study the phenomena. Both modeled dynamic pro-
cess analysis and thermal diagnosis were used to explain the
intrinsic mechanisms behind the cold water anomalies in the
middle layer. The results illustrated that when the monsoon in
the TWS switched from northeasterly to southwesterly, an
offshore velocity component in the upper layer was induced
by the geostrophic adjustment at first and then by the Ekman
transport. Meanwhile, the onshore movement of the warm
water from eastern bottom strait was led by the supplementary
bottom onshore Ekman transport. At the same time, the in-
creasing net heat flux led to significant temperature increases
in the surface layer, whereas in the middle layer, the warming
effect was not particularly significant, causing the cold water
anomaly in the middle layer.

However, middle-layer cold water anomalies with different
magnitudes were found in the observational sections in the
spring of 2015 (Fig. 4j—). The reasons for the most significant
cold water anomaly occurring in section Y1 require further
research. The magnitude and location of the offshore branch
of the CCC that caused the offshore extension of cold water
possibly affected those of the middle-layer cold water anom-
alies in the TWS, which also requires further study.
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