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Abstract

Eight cruises of current measurements along a zonal transect (~31.84 km) across the
major inflow region of the Taiwan Strait, the Penghu Channel, were carried out using
the shipboard Acoustic Doppler Current Profiler (ADCP) during 1999~2001. In each
crqise, the measurement was repeated twice along the transect with a time lag of 6
hours and 12 minutes, and the repeated data were averaged to eliminate the dominant
semidiurnal tidal currents. Velocities after removing semidiurnal tides suggest that
there is a strong northward flow centered in the channel, with a speed of about 100 cm/s
in the upper 50 m in summer. The northward flow becomes much weaker in winter. The
calculated throughflow transports vary seasonally and are correlated with the change of
the East Asia monsoon. The estimated transport is around 0 during the peak northeast
monsoon in winter, increases from 0.5 to 1 Sv (1 Sv = 10° m%/s) as the northeast
monsoon weakens in spring, peaks to 1.5 Sv at the end of southwest monscon in
summer, and decreases rapidly from 1.5 to 0 Sv when the northeast monsoon intensifies

in fall. The error induced by unfiltered diurnal tidal currents is estimated to be about *

0.20 Sv in the transport calculation.

(Keywords: Penghu Channel, throughflow transport, shipboard ADCP)



1. Introduction

The Penghu Channel (PHC), bounded by the Penghu Islands and Taiwan Banks to
the west and the southwest coast of Taiwan to the east, is a funnel-shaped deep channel.
Located off southwest Taiwan, it is about 40 km wide and 100 m deep to the north, and
%0 km wide and 200 m deep to the south (Fig. 1). It is well known that there is a
persistent northward flow in the PHC throughout a year (Chuang, 1985; 1986).
Analyses based on hydrographic data (Wang and Chern, 1988 and 1992; Xiao and Cai,
1988) suggest that the northward flow is the major inflow entering the Taiwan Strait.
The inflow is often speculated to be the origin of the so-called “Taiwan Current” (Guan,
1986). Recent current measurements using the shipboard Acoustic Doppler Current
Profiler (ADCP) over zonal transects east and west of the Penghu Islands further
suggest that transport through the PHC amounts to about 60% of the total volumetric
influx entering the Taiwan Strait in summer (Wang, 1999). Using a numerical model
driven by throughflow transports estimated by Wyrtki (1961), Jan et al. (2000)
indicated that the transport through the PHC controls the seasonal variation of the
circulation in the Taiwan Strait. Farther to the north, the Taiwan Strait outflow has been
inferred to be an important source to the nutrient balance over the East China Sea (Liu,
2000). In addition, Katoh et al. (2000) emphasized the importance to monitor the

fluctuations of the Taiwan Current and the Kuroshio Branch Current in order to



determine the variability of the Tsushima Current.

It is clear that the throughflow transport in the PHC is important not only to the
circulation patterns in the Taiwan Strait, but also to the balance of biogeochemical
budget in the East China Sea. Unfortunately, estimates of the transport are scanty in the
open literature. Wyrtki (1961) might have provided the earliest estimate of transports
through the Taiwan Strait. His strait-wide transport estimate is not the same as the
transport through the PHC, but the two share a significant common component. His
rough estimates of 0.5-1 Sv (1 Sv = 10° m*/s) northward in summer and 0.5 Sv
southward in winter captured the seasonal trend of the PHC transport to lowest order.
Chuang (1986) measured the current in the PHC using a current meter moored about 20
m above the bottom, and found a northward mean flow of 32 cm/s in spring. Using this
result (Chuang, 1986), Fang et al. (1991) speculated that the transport from the Penghu
Islands to Taiwan is 0.4 Sv northward in winter (December-May). Using the same
result {(Chuang, 1986), Jan et al. (2000) estimated that the transport through the PHC is
at least 1 Sv in summer. The inconsistency is evident and points out the need for better
estimates.

Because of the lack of direct current measurements, the aforementioned estimates
are too coarse in space and time to determine the transport through the PHC and its

seasonality. In light of these uncertainties, the objective of this study simply aims to



measure the currents and calculate the throughflow transport in the PHC directly. The
shipboard ADCP was used for the measurement. The cruise track was designed for the
purpose of eliminating the dominant semidiurnal tidal currents, and the phase average
was used for data processing. Eight cruises of measurement were performed during
1999-2001. Results obtained from the measurements are expected of useful for
improving the numerical model results for the Taiwan Strait, and relevant calculation of
bicgeochemical fluxes from the Taiwan Strait to the East China Sea. The observational

results are presented and discussed below.

2. Observations

Eight cruises of measurements were conducted on board Ocean Research I and III
(OR-1 and OR-3) along a zonal transect across the width of northern PHC [line A-B in
Fig. 1(b}] during 1999~2001. The transect is about 31.84 km long. Table 1 lists the
period of each measurement. The velocities were measured using the shipboard ADCP
manufactured by RD Instruments with 150 kHz and 75 kHz for OR-1 and OR-3,
respectively. 'I"hc velocity of each cast is averaged every 8 m in the vertical, and the
blanking depth is 12 m below the sea surface. The bottom-tracking mode of the ADCP

was used during the measurement.

According to the velocities measured at a Staﬁon 50 kan north of the transect



[station P in Fig. 1(b)], tidal currents are predominantly semidiurnal in the PHC. Fig. 2
shows an energy spectrum of the deptli-averaged velocities measured at station P from
October 25 1999 to March 24 2000. The main peak of the spectral density for the
north-south (v) component occurs at the semidiumat and diurnal tidal frequencies. The
formal is greater than the latter by two orders of magnitude. The tidal current energy of
Zonal (i) component is relatively small compared to that of the v—c;omponent. Harmonic
analysis suggests that tidal current amplitudes of Oy, K, N3, M; and S; for the dominant
v-component are 4, 7, 13, 67 and 20 cm/s, respectively. The corresponding phases are
342°,12°,321°, 345° and 22°. These indicate that the amplitude of diurnal tidal current
is only about one tenth of that of the semidiurnal tidal current. Tidal current ellipses (not
shown) suggest that the major axis is aligned along the major axis of PHC.

Because of the limited availability of ship time, the ship track was designed so as
to eliminate only the dominant semidiurnal tidal currents, We made the current
measurements along the same transect twice, i.e., the first and third tracks as illustrated
in Fig. 3. The two repeats are separated by 6 hours and 12 minutes so that they are out of
phase by half a cycle of the semidiurnal tides. Ship speed was controlled at speed of 5-6
knots (1 knot = 0.514 m/s) so as to maintain the data quality of the measurement (Tang
and Ma, 1995). It took 3 hours and 6 minutes to complete measurements from one end

of the transect to the other. In case of limited ship availability, this observation method



is often used for the mean flow measurement and transport estimation {e.g., Katohetal.,
1996 and 2000; Liu_et al., 2000).

As for data processing, the velocity data along the transect are separated to eight
segments and averaged over each segment (Fig. 3). This may reduce instrument errors
but also decrease the horizontal resolution of data. The segment-averaged velocity is
assigned at the midpoint of each segment. The segment-averaged data are further
glidded every 4 m in the vertical from the surface down to near bottom by solving

(1-a) V(V§)+o- Vo=0 (1)
where ¢ repreéents velocity components « or v, V represents the Laplaéian operator
defined as #(8/dx) + k(8/6z) , and & is a tension factor; o = 0.6 provides the best fit of
original data. The resulting velocity israssigned to the center of each layer. The bottom
depths for gridding are cut at 68, 60, 76, 108, 108, 120, 92 and 52 m for the eight
segments from west to east. The horizontal velocity is assumed to be zero at the bottom.
The gridded data of the first and third tracks were averaged to eliminate the semidiurnal
tidal currents. This procedure is so-called “phase averaging”, The phase-averaged
current is referred to as the “semidiurnally averaged current” hereafter. The volume
transport through the transect (Qpxc) is calculated using the semidiurnally averaged

velocity perpendicuiar to the transect as

g K ' '
Qoue = szm (éz-d) (2)
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where d = 3.98 km is the width of each segment, i is the segment number, & is the layer
index, X; is bottom layer index of the ith segment, and & z =4 m is the layer thickness.
For further data analysis, we also obtained the wind data of an island weather

station [DG in Fig. 1(b)] from the Central Weather Bureau of Taiwan. -

3. Resualis

To facilitate discussions below, it is more practical to follow changes of monsoon
winds to define winter, spring, summer and fall as periods from November to February,
March to May, June to August and Septernber to October, respectively (Jan et al., 2000).
Fig. 4 shows the semidiumally averaged velocity contours of the - and v-components
in the transect from the eight measurements. The flow velocities are essentially
northward in the transect and vary seasonally. By comparison, zonal currents
(#-component) are much weaker. The northward currents are weak (<10 cm/s) in winter
[Fig. 4(c) and (g}]. During the winter-spring transition period [Fig. 4(d)], the flow field
develops a core structure centered in the middle of the transect; the northward velocity
in the upper 50 m layer increases (>20 cm/s) thereafter. In late summer [Fig. 4{a) and
()], the northward flow core is fully developed and its speed can be as high as 100 cm/s.
After summer, the northward flow strength decreases rapidly, and the core speed is

reduced to about 50 cm/s [Fig, 4(b)]. The near bottom velocities presented in Fig. 4(d)



and (h) are close to that (32 cm/s) observed by Chuang (1986) in March-April of 1985.

The depth-averaged distributions of the semidiurnally averaged currents along the
transect are shown in Fig. 5. The strength of velocity vectors clearly peaks over the
deepest region of the transect in surnmer [Fig. 5(a), () and ()], and decreases in spring
and fall to about haif of the summer peak [Fig. 5(b), (d) and (h)]. In contrast, the winter
flow is much weaker and less coherent [Fig. 5(c) and (g)]. Both Figs. 4 and S reveal that
there is a strong northward flow (~100 cm/s) through the PHC during summer, whereas
the semidiurnally averaged flow is nearly stagnant during winter.

The volume transports calculated from the velocities acquired in the eight
measurements listed in Table 1 are 1.58, 0.76, -0.11, 0.56, 1.26, 1.72, 0.02, and 1.10 Sv,
respectively. Expected errors in the transport calculation are mostly induced by the
diurnal tidal currents that cannot be fuily eliminated through the semidiurnal averaging
of the measured velocities. The velocity of the diurnal currents may be comparable to
that ;)f the subtidal currents when the flow is weak, though the diurnal currents are quite
small compared to the semidinrnal currents. The instrument error, the mathematical
methods using in data interpolation and discrete area integration for velocity, etc.,
might introduce errors in the transport calculation but are expected to be minor in
comparison with that from the unfiltered diumal tidal currents. We estimate the major

error induced by the diurnal currents as follows. The harmonic constants of tidal



currents in the PHC indicate that the amplitude of depth-averaged composite diumal
current {O;+K;) is about 11 cm/s with the major axis aligned along the longitudinal axis
of PHC. Assume that the velocity of depth-averaged diurnal current can be written as
a*cos{wt), where ¢ is time, @ = 11 cm/s is the amplitude and ¢ is the frequency of the
diurnal current. Applying the semidiumnal averaging to the diumal currents, the
resulting mathematical expression, 0.5%a* {cos(w?) + cos[ @ (# + 6.2 hrs)]}, yields the
maximum velocity of residual diurmal currents of about 7 cm/s. The consequent error
for the calculated volume transport ranges up to about +0.20 Sv.

Fig. 6 shows the calculated transports as a function of time, and the daily mean
wind speed sticks at an island weather station near the west end of the transect (DG in
Fig. 1) from January 1999 to June 2001. The calculated transports vary seasonally and
seem to be correlated with the changing winds. The wind sticks as shown in Fig. 6
indicate that winds over this area are dominated by the northeast monsocon. It is likely
that the northward transport is mostly offset by the northeast monsoon in winter. The
n;)nhward transport clearly decreases as the northeast monsoon intensifies. The

northward transport may reach its maximum near the end of the southwest summer

monsoorn.

4, Discussion and concluding remarks
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Fig. 6 suggests that the calculated volume transport through the PHC is highly
correlated with the variation of local winds. However, the temporal resolution of the
calculated transports is still too poor to determine the coherence and phase lag between
local winds and transports. In spite of this deficiency, seasonality can still i)e inferred.
Fig. 7 shows the calculated transports as a function of the mlonth regardless the year of
measurement, along with the monthly mean wind speed vectors at DG averaged from
1986 to 1997. The local winds are essentially dominated by the East Asia monsoon,
from northeast in winter and from southwest in summer, The northeast monsoon begins
in mid September, reaches its maximum from Qctober to J anuary, and weakens
continuously thereafter. By contrast, the southwest monsoon in June and July is much
weaker. The magnitude of northward transport displayed in Fig. 7 is inversely
proportional to the strength of the northeasterly wind. In winter, the northeast monsoon
severely blocks the northward flow in the PHC, resulting in a nearly zero transport from
November to February. In spring, relaxation of northeast monsoon unleashes the
nerthward intrusion of waters from the southeastern Taiwan Strait, and the northward
transport mildly increases with time from March to July. With the aid of summer
southwest monsoon, the northward transport peaks in August. Since the southwest
monsoon is quite weak in summer, a good portion of the throughflow must be forced by

remote forcing of large-scale origin rather than by local winds. As the northeast
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monsoon starts in fall, the northward flow decreases again and the transport drops
rapidly. About two months after the onset of the northeast monsoon, the northward
transport reaches its minimum. We estimated that the transport is around 0 in winter,
from 0.5 to 1 Sv in spring, 1.5 Sv in summer, and decreasing from 1.5 to nearly 0 Sv
from fall to early winter. The seasonal variation of volume transports through the PHC
can also be inferred from three-dimensional circulation models by minimizing
discrepancies between model outputs and hydrographic data. An attempt along this line
had been made by ian et al. (2000) and the inferred transports are similar to estimates
established herein.

According to Wang (1999), the volume transport through PHC amounts to at least
three fifths of the summer northward inflow entering the Taiwan Strait. This is quite
substantial considering the fact that the width of PHC is only one fifth of that across the
southern Taiwan Strait. The semidiurnally averaged currents extracted from the eight
measurements suggest that, over the deepest portion of the PHC, there is a quite strong
northward velocity core with a speed of ~100 cm/s in the upper 50 m layer in summer.
The northward flow becomes much weaker and the high-speed core nearly disappears
in winter. The calculated volume transports through the PHC are —0.11~0.02 Sy,
0.56~1.10 Sv, 1.26~1.72 Sv and 0.76 Sv in winter, spring, summer and fall, respectively,

suggesting the throughflow in the PHC is generally northward but with strong seasonal
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variations. The diurnal tidal currents, which cannot be fully eliminated by the
semidiurnal averaging, may cause deviations of * 0.20 Sv in the transport calculation.
These lead to estimates of seasonal mean transport of about 0 in winter, 0.5~1 Sv in
spring, 1.5 Sv in summer, and 1.5~0 Sv in fall. The inferred seasonal variation of the
transport appears to be highly correlated with changes of the East Asia monsoon. The
transport is quite small during the strongest northeast monsoon period in winter from
November to February, increases as the northeast monsoon weakens in spring, peaks
after the southwest monsoon in summer, and decreases rapidly when the northeast
monsoon starts in fall.

Developments of a high-resolution nowcast model for the Taiwan Strait, an Bast
China Sea hydrodynamic mode! and associated biogeochemical investigations have
been underway. Results documented herein provide the crucial input to the
aforementioned modeling efforts. At the present time, our transport estimates in the
PHC are limited to the seascnal time scale. Current variations below and beyond the
seasonal time scales remain to be elucidated. Below the seascnal time scale, the effect
of typhoons on the transport warrants further investigations. Beyond the seasonal time
scale, inter-annual modulations induced by El Nifio needs to be examined. Volume
transport across the transect between the mainland China and the Penghbu Islands also

warrants further measurements. Therefore, the present study serves only as a modest

13



start toward a long line of future investigations.
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Figure captions:

Fig. 1 Maps showing (a) topography in the Taiwan Strait, and (b) the ship track of
velocity measurements across the Penghu Channel.

Fig, 2 Power spectrum of the depth-averaged velocities measured at a mooring station P
about 50 km north of the transect (see Fig. 1) from October 25 1999 to March 24 2000,
The dashed and solid lines are the spectral density of the zonal (#-) and meridional {v-)
velocity components, respectively.

Fig. 3 Schematic showing the track of shipboard ADCP measurement as a function of
time. The velocities acquired on each track were equally divided to eight segments and
were averaged over each segment.

Fig. 4 Semidiurnal-averaged velocity contours (u and v components) in the transect for
the eight measurements. Contour interval is 10 cm/s.

Fig. 5 Horizontal distribution of the depth-averaged velocities calculated from the
semidiurnal-averaged currents along the track for the eight measurements.

Fig. 6 (a} daily mean wind speed sticks at an island weather station DG (see Fig. 1)
from January 1999 to June 2001, and (b) calculated volume transports as a function of
time.

Fig. 7 {a) monthly mean wind speed vectors at DG averaged from 1986 to 1997, and (b)

calculated transports over a one-year time scale regardless the year of measurement.
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Table 1 Shipboard ADCP measurement periods and the calculated throughflow

transport for the eight cruises. The transport is in Sv (10° m*/s) with positive transports

toward the north.

R/V Cruiseno.  |Measurement period Opuce (Sv)
OR-1 558 1999/08/15/14:00-22:42  |1.58
OR-3 569 1999/10/15/19:00-16/04:23 [0.76

OR-1 569 1999/11/19/04:00-13:30 -0.11
OR-1 578 2000/03/24/21:00-25/07:46 |0.56
OR-1 585 2000/06/18/01:50-11:10 1.26
OR-3 646 2000/08/18/13:15-22:40  {1.72
OR-1 602 2001/02/12/09:22-19:00 0.02
OR-3 702 2001/05/24/09:38-18:56 1.10
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