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Abstract The Taiwan Strait (TS), situated between Taiwan
and China, is shallow, relatively turbid, and characterized by
strong tidal currents and winter and summer monsoon sea-
sons. The aim of this study was to use images from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
on board the Aqua satellite to investigate how local sediment
sources in addition to the seasonality in wind, oceanographic
currents, and waves influence the suspended particulate matter
(SPM) dynamics in the TS. In winter, northeast (NE) winds
drive the China Coastal Current southward. Cold water with a
high SPM concentration is transported southward into the
Strait. After the highest SPM concentration reaches its peak
in December and January, the winds weaken and the SPM
concentration decreases. During summer, winds are less
strong and SPM concentration is lower. Although typhoons
typically occur in summer, they generate only a weak signal in
the surface SPM concentration data from MODIS because of
the low number of cloud-free images during these periods.
Typhoons result in a short-term increase in the SPM concen-
tration but do not strongly influence the seasonal values in the
satellite-derived SPM concentration maps.
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1 Introduction

Coastal seas are often characterized by high variability in the
concentration of suspended particulate matter (SPM)
(Schoellhamer 2002; Liao et al. 2008; Liu et al. 2008;
Fettweis et al. 2012). The predominant forces that cause such
variations are related to tides, waves, and meteorological and
seasonal variations and influences (Jan et al. 2002). The
Taiwan Strait (TS) connects the South China Sea (SCS) with
the East China Sea (ECS) and covers an area of approximately
6300 km2 (Fig. 1). The mean transport through the TS is
approximately 1.8 Sv and is directed northward. The maxi-
mum transport occurs during summer (2.7 Sv) and the mini-
mum during winter (0.9 Sv) (Jan et al. 2004; Lin et al. 2000;
Wang et al. 2003). The TS is shallow (average water depth
approximately 50 m) and relatively turbid; it has strong tidal
currents (average tidal current approximately about 0.4 ms−1)
and typical winter and summer monsoon seasons (Jan et al.
2002; Chen and Wang 2006; Qiu et al. 2011). The most nota-
ble high-turbidity areas are situated along the Chinese and
Taiwanese coasts, as well as in the shallow parts of the TS
such as the Changyun Ridge and Taiwan Bank (Fig. 1). The
seasonal wind pattern (Fig. 2) is characterized by southwest-
erly winds in summer and northeast (NE) winds in winter that
determine not only the residual ocean currents and the trans-
port of SPM but also the input of SPM from rivers into the TS
as well as the local resuspension induced by waves (Hoefel
and Elgar 2003; Bai et al. 2015). During winter (November to
February), monsoon winds generally blow from the NE and
direct the cold China Coastal Current (CCC) toward the SW.
The 20 °C isotherm shows the intrusion of these waters into
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the TS from December to March, where they meet the
Kuroshio branch at Penghu Channel (Fig. 3). The CCC is
further blocked by Changyun Ridge, where it deviates toward
the NE. During the summer monsoon season (June–
September), the SWwinds advect the South China Sea surface
current (SCSSC) warm water from the SW through the
Penghu Channel into the ECS (Fig. 3) (Hong et al. 2009;
Jan et al. 2002; Qiu et al. 2011). These SW winds induce
heavy rainfall, which is most pronounced during typhoon
overpasses, resulting in high river discharges into both sides
of the TS and a large input of fine-grained sediments into the
strait that are rapidly dispersed (Dadson et al. 2005; Liu et al.

2006; Chien et al. 2011). Larger-scale SPM transport patterns
are associated with the sediment input from large rivers and
prevailing ocean currents. The sediments discharged by the
Pearl River are transported during summer by the SCSSC
along the Chinese coast into the TS (Bai et al. 2015). In winter,
southward transport of SPM associated with the CCC occurs,
mainly the Yangtze River into the TS (DeMaster et al. 1985;
Song and Chen 1992; Xu et al. 2009; Bai et al. 2015).

Most studies on SPM transport in TS have focused on the
prominent effects of typhoons (e.g., Milliman and Kao 2005;
Chien et al. 2011; Li et al. 2015), whereas general SPM con-
centration patterns have received less attention. Therefore, the

Fig. 1 Bathymetry and
topography (m) around Taiwan.
CYR Changyun Ridge, ECS East
China Sea, PHC Penghu
Channel, SCS South China Sea,
TWB Taiwan Bank, TSR Tanshui
River, YTRYangtze River, ZSR
Zhuoshui River

Fig. 2 a Surface wind velocities
from NASA PO.DAAC (Atlas
et al. 2011) and b significant wave
heights from Taiwan Central
Weather Bureau SWAN
operational result in 2011 at
Matzu (119.92°E, 26.17°N)
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Fig. 3 Monthly averaged surface temperature (°C) composed from MODIS in winter (December to March 2003–2012) and summer (July and August
2003–2012) together with the 2011 HYCOM ocean currents (ms−1). The 20 °C isotherm is shown in black (only shown for winter months)
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present research focused on the large-scale geographical var-
iability of the high-turbidity zones in the TS that are induced
by seasonal meteorological variations and extreme events.
This study used images from the Moderate Resolution
Imaging Spectroradiometer (MODIS) on board the Aqua sat-
ellite (part of the NASA Earth Observing System) to investi-
gate how local sediment sources in addition to the seasonality
in wind, oceanographic currents, and waves influence the
SPM dynamics in the TS. Polar orbital satellites such as
Aqua with MODIS on board cannot be used to assess SPM
concentration variations on short time scales because the sam-
pling frequency is too low (once a day) and clouds often
obscure the ocean surface. However, averaging of the data
according to typical meteorological patterns, months, or sea-
sons results in synoptic maps that are representative of the
mean SPM concentration under specific conditions (Fettweis
and Nechad 2011; Fettweis et al. 2012).

2 SPM concentration and hydrodynamic data

The MODIS provides one to two daily images. The data are
used to design daily maps of the SPM concentration. In total,
4094 MODIS images, covering the period between July 2002
and September 2013, were processed using SeaDAS software
(version R2013.0) from level 1A to level 2. The images were
collocated on a common rectangular grid by using nearest-
neighbor resampling, and multiple overpasses were combined
into a single daily composite (Vanhellemont et al. 2011;
Vanhellemont and Ruddick 2011). The surface SPM concen-
tration was then retrieved from remote sensing reflectance at
the MODIS band centered at a wavelength of 667 nm, using
the algorithm of Nechad et al. (2010). Finally, level 2 process-
ing flags (Patt et al. 2003) were used to mask out the land and
cloud pixels and any low-quality pixels. The accuracy of the
satellite-derived SPM concentration was assessed for errors
that may have arisen from the optical model used for
converting marine reflectance to SPM concentrations. The
model parameterized the inherent optical properties of parti-
cles in suspension as site-averaged coefficients. This induces
errors in SPM estimation when a significant change in particle
size and composition occurs under tidal and wind effects
(Nechad et al. 2010), changing significantly their mass-
specific inherent optical properties. The uncertainty in SPM
concentrations propagating from errors in the water-leaving
reflectance retrieval was evaluated for the southern North
Sea on the basis of 29 matchups taken in clear to moderately
turbid waters (3–80 mg L−1). A mean relative error of approx-
imately 37 % was found in SPM concentration retrieval from
MODIS imagery. For waters with an SPM concentration
>10 mg L−1, the relative errors in MODIS-derived SPM con-
centrations are significantly lower than in clearer waters. This
is due to higher relative errors in water-leaving reflectance

being retrieved in clearer waters and the SPM concentration
algorithm being adapted to turbid waters. However, satellite-
visible bands typically saturate in extremely turbid waters
(Doxaran et al. 2002). The band centered at a wavelength of
667 nm and used in the retrieval of SPM concentration
reached its maximum limit of detection at approximately
80 mg L−1; in the data treatment, only pixels with an SPM
concentration in this range were analyzed further. Using the
red band is appropriate for the TS, where extremely turbid
waters occur only near the coast. The near-coast pixels were,
however, masked after atmospheric correction because of un-
certainties associated with water turbidity, adjacency, and
stray light effects.

Additional uncertainty may be due to the Nechad et al.
(2010) algorithm, which has been validated for the southern
North Sea, being applied to another region (Dogliotti et al.
2015; Han et al. 2016). The uncertainty originated from the
reflectance-SPM concentration calibration that inherently in-
cludes information on the particle type and size distribution,
properties that may vary in space and time. Dogliotti et al.
(2015) indicated out that the single-band semi-analytical algo-
rithm (Nechad et al. 2010) and a switching scheme can be
used to retrieve turbidity from water reflectance in distinct
regions. Turbidity can be converted to SPM concentration
and vice versa by applying a constant scaling factor. To our
knowledge, no data set is available for the TS to calculate this
scaling factor; hence, the SPM concentration in the TS might
have a higher uncertainty than that in the southern North Sea.
This does not, however, influence the conclusions of SPM
dynamics in the TS.

Significant wave heights were calculated for 2011 by using
the SimulatingWAves Nearshore (SWAN) model with a 0.05°
resolution, which is run operationally at the Central Weather
Bureau (CWB). The meteo input for SWANwas derived from
CWBWeather Research and Forecasting model products. The
sea surface currents in the area between 116°E–124°E and
20°N–28°N are from the hybrid coordinate ocean model
(HYCOM) global reanalysis operational data (Cummings
2006; Cummings and Smedstad 2013; Fox et al. 2002). The
in situ rainfall and river discharge data were obtained from the
Water Resources Agency, Taiwan (WRA 2016).

The surface SPM concentration data in addition to wind,
wave, and current data from HYCOM and numerical models
(Yu et al. 2014) were used to reconstruct the SPM dynamics.
The data were ensemble averaged according to winter and
summer monsoon weather types.

3 Results and discussion

Themonthly distribution of surface SPM concentrations along
the Chinese coast and Taiwanese west coast is shown in Fig. 4.
The most prominent high-turbidity areas are along the
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Chinese and Taiwanese coasts, in shallow parts of the TS such
as the Changyun Ridge and Taiwan Bank, and in Tanshui
River and Zhuoshui River plumes. The SPM concentration

is highest in December and January, after which it decreases
gradually and reaches a minimum between May and August.
The SPM concentration drops to low values in the central

Fig. 4 Monthly averaged (2003–2012) surface SPM concentration (mg L−1) with 2011 residual current (ms−1) (Yu et al. 2014)
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parts of the TS, Tangshui River, Zhuoshui River, and
Changyun Ridge. The maps clearly show seasonal patterns
consistent with a winter season from December to February
with high SPM concentrations (i.e., >5 mg L−1) in the whole
TS and patterns consistent with a summer season from June to
September with high SPM concentrations remaining only in
the coastal and shallow areas (Fig. 5).

3.1 Seasonal variations

The surface SPM concentration maps indicate the significant
differences between winter and summer monsoon seasons
(Fig. 5). The SPM concentration reaches approximately
14 mg L−1 in winter and 4 mg L−1 in summer at Matzu.
These differences are mainly due to the higher wind velocities,
wave heights in winter, and inputs of SPM from remote
sources, rather than the occurrence of extreme events, such
as typhoons, typically associated with summer. The main re-
mote sources are the Pearl River and Yangtze River and other
rivers located upstream of the TS during summer and winter,
respectively. The SPM annual fluxes from the Yangtze River
are higher (478 × 106 t) than those from the Pearl River,
estimated at 30 million tons (Milliman and Meade 1983;
Wang et al. 2014). In the TS, the NE wind reaches velocities
up to 11 ms−1 and the residual currents up to 0.7 ms−1, where-
as the SW wind occurring during summer (0.5 ms−1) and the
residual current velocity (0.4 ms−1) are less strong. The aver-
age wave heights during winter are approximately 1.1 m,
which are higher than the annual average of 0.8 m. From the
2011 time series in the Tanshui River and Zhuoshui River
(Fig. 6), a high SPM concentration corresponds generally with
stronger winds and higher wave heights. The associated weak-
er southwest winds and lower wave heights result in generally

lower SPM concentrations in summer than in winter. For the
2003–2010 averages, the correlation between the SPM con-
centration and wind velocity is moderately high at Matzu
(R2 = 0.53), and at Penghu (R2 = 0.42) in winter, but lower
at other locations in the southern TS. The NE wind dominates
the whole TS (Fig. 2), and the waves are responsible for the
increase in SPM concentrations, especially in shallow areas
(Fig. 2). SPM concentrations are generally low in summer
because the wind velocity is low (Fig. 6). Local resuspension
is thus mainly dominated by tidal currents rather than waves.

The higher wind speeds and stronger residual currents re-
sult in a higher transport of SPM from the extremely turbid
Yangtze estuary toward the SW. The higher waves result in
higher suspension of fine-grained sediments, leading to a fur-
ther increase of the surface SPM concentration. The SPM
concentration distribution in the TS is clearly limited in the
south and the north by the low turbid Kuroshio Ocean current.
After the monsoon transition period in May, south or SW
winds dominate the wind climate from June to August. The
winds generate the SCSSC from south to north, and
suspended sediments from the Pearl River estuary flow into
the TS (Bai et al. 2015). The lower wind velocities, wave
heights, surface residual currents in summer, and the SPM
input from the Pearl River (30 × 106 t), compared with the
Yangtze River, result in SPM concentrations that are lower
than those in winter. Nevertheless, the high SPM concentra-
tion areas are still situated along the coast and in shallow area.

3.2 Effects of extreme events

The summer is typically associated with short periods of
heavy rain often associated with typhoons, during which large
amounts of sediment may enter the TS through mountain

Fig. 5 The averaged (2003–2012) surface SPM concentration (mg L−1; color layer) and the residual current velocity (ms−1; vectors) in winter
(December 2010–February 2011) and summer (June–September 2011)
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rivers in Taiwan. For example, during Typhoon Herb (1996),
the Kaoping River in the south of Taiwan discharged
32 × 106 t of sediments, and during Typhoon Kalmaegi
(2008), the Zhuoshui River discharged approximately
77 × 106 t in 1 day (Milliman and Kao 2005; Chien et al.
2011), which is larger than the average annual sediment

discharge of 40 ± 6 × 106 t (Kao and Milliman 2008). The
enormous sediment loads during short periods result in high
SPM concentration at the river mouth. Chien et al. (2011)
mentioned that most of the river runoff was entrained by the
alongshore flow instead of jetting directly into the TS. These
extreme events are not apparent in the seasonal or monthly

Fig. 7 Typhoon Haitang (2005). a Surface SPM concentration from
MODIS, b precipitation, and c river discharge at Zhuoshui and Tanshui
river mouth (Fig. 1) during the periods of 1–15 July (T1 pre-typhoon),

16–20 July (T2 actual typhoon), 21 July–4 August (T3 post-typhoon),
and 5–19 August (T4 post-typhoon)

Fig. 6 The 2011 data at Tanshui and Zhuoshui River mouth. a Surface
SPM concentrations (mg L−1) from MODIS, b surface wind velocities
(ms−1; positive values are SW and negative NE winds) from NASA

PO.DAAC (NASA/GSFC/NOAA (2009); Atlas et al. 2011), and c sig-
nificant wave height (m) from Taiwan Central Weather Bureau SWAN
operational result
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surface SPM concentration maps because the SPM that dis-
charges into the TS probably settles quickly (thus, it can be
only partially detected at the surface by the satellite) and be-
cause typhoon periods are too cloudy for obtaining represen-
tative data of SPM concentration. Below, both hypotheses are
discussed in more detail.

Typhoon Haitang (2005) was chosen to investigate the in-
fluence of extreme events on the surface SPM concentration
detected by MODIS. The increase in SPM concentration was
caused by an enormous input of riverine SPM into the TS
associated with heavy rainfall and a high river discharge
(Fig. 7). A high correlation (R2 > 0.8) can be found between
the SPM concentrations at the mouth of Zhuoshui River and
both the rainfall and river discharge. Satellite images during a
pre-typhoon (T1 1–7 July), actual typhoon (T2 16–20 July),
and two post-typhoon periods (T3 21 July–4 August and T4

5–19 August) are shown in Fig. 8. In the pre-typhoon period,
the surface SPM concentration is highest at the shallow
Changyun Ridge. During the typhoon, no data are available
that enable clarification, because of cloud coverage. After the
typhoon, the SPM concentration is higher at the Changyun
Ridge (approximately 5 mg L−1) and the Zhuoshui estuary
(approximately 11 mg L−1) than during the pre-typhoon peri-
od (Fig. 8), indicating that the effect of the typhoon on the
surface SPM concentration can be detected in the satellite
images. After approximately 1 month, after the passage of
the typhoon (T4), the SPM concentration difference (T3-T4,
−0.2 ± 0.8 mg L−1 with 75,728 good data) is similar to that
during the pre-typhoon period (T3-T1, 0.1 ± 0.5 mg L−1 with
115,003 good data), showing that the SPM concentration in-
crease was dispersed away by the currents or by the settling of
the SPM particles (Fig. 8). Because the frequency of typhoons

Fig. 8 Typhoon Haitang (2005). Surface SPM concentration (mg L−1)
averaged over T1 (pre-typhoon, 1–15 July), T2 (actual typhoon, 16–20
July), T3 (post-typhoon, 21 July–4 August), and T4 (no influential
period, 5–19 August) periods, respectively. In addition, the difference in

SPM concentration (mg L−1) between periods T3-T1 and T3-T4 is shown
(negative values means that T1 and T4 have higher SPM concentrations
than T3, respectively)
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is low (approximately three typhoons per year), their influence
on the seasonal surface SPM concentration pattern is only
limited.

3.3 Limitation of satellite imagery

The main drawback of satellite images is related to the low
sampling frequency (daily) and the occurrence of clouds. The
image from 10 December 2008 (Fig. 9) remains an exception
for the TS because it is one of the few cloud-free images of the
whole area. The image clearly shows the detailed surface pat-
terns of SPM concentrations that are associated with

mesoscale eddies in the surface currents. Averaging the im-
ages over periods of months to seasons enables these detailed
features to be smoothed out and disappear. Nevertheless, en-
semble averaging remains a more appropriate method for de-
termining the SPM dynamics because cloud-free data are lim-
ited. The frequency of cloud-free data is higher in summer
than in winter (Fig. 10). Furthermore, most of the cloud-free
data in winter are from the low-turbidity areas located in
southern Taiwan and along the SCS coast (Fig. 10). The re-
sults emphasize that the satellite data reflect a lower variability
than what could be derived from continuous time series
(Fettweis and Nechad 2011).

Fig. 9 Surface SPM
concentration (mg L−1) from
MODIS on 10 December 2008

Fig. 10 Number of cloud free pixels in winter and summer during the period of 2003–2012
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4 Conclusion

In winter, NE winds drive the CCC southward, and SPM
gathers in the TS along the coast and in the estuaries. From
September, the NE winds strengthen and change the current
direction. SPM is transported southward with the cold water.
After the SPM concentration reaches its peak in December,
the winds weaken and the SPM concentration decreases after
February. The waves induced by NE winds resuspend the
fine-grained sediments on the ECS continental shelf and in
the TS and transport it southward. However, in summer, the
tidal currents are more important than the ocean currents, be-
cause the SCSSC forced by southwest winds is weaker than
the China Coastal Current forced by NE winds. The move-
ment of tidal currents is responsible for most of the sediment
transport in the shallow coastal areas and resuspension at the
Penghu Channel and Changyun Ridge. The extreme condi-
tions generate a weak signal in the surface SPM concentration
data from MODIS because of the low number of cloud-free
images during typhoon periods. Typhoons result in a short-
term increase in the SPM concentration but do not strongly
influence the seasonal values in satellite-derived SPM concen-
tration maps.
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