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ABSTRACT

Hyperpycnal events (when suspended sediment concentrations exceed 40 g/L) occur in small- and medium-sized rivers
throughout the world but are particularly common in Taiwan; they are often related to landslides or debris flows
initiated and transported by typhoon floods. Super-Typhoon Herb, which swept across Taiwan on July 31-August 2,
1996, triggered floods and landslides throughout the southern part of the island. Sediment concentrations in at least
seven rivers (Taan, Choshui, Pachang, Erhjen, Tsengwen, Kaoping, and Peinan) approached or exceeded 40 g/L. Cal-
culated sediment discharged from nine rivers (these seven as well as the Wu and Houlung, neither of which apparently
reached hyperpycnal concentrations) during these 3 d was 217 million tons (MT)—most of it on August 1—of which
~80% was discharged at hyperpycnal concentrations. Presumably, most of the sediments discharged by the Peinan
River (to the southeast) and the Kaoping, Erhjen, Tsengwen, and Pachang rivers (to the southwest) were transported
directly to the Huatong Basin and the South China Sea (via the Penghu Canyon system), respectively. The bulk of
the typhoon-derived sediment (142 MT), however, was discharged to the northwest (primarily by the Choshui River),
and its fate remains unknown. It may have ultimately reached the Penghu Canyon system and thereby the South
China Sea, but more probably it was transported northward (via the Taiwan Warm Current) toward China, the East
China Sea, or (perhaps) the Okinawa Trough.

Introduction

Hyperpycnal Flow. Hyperpycnal flows are de- Using the mean annual fluvial discharge and sed-

fined as negatively buoyant fluvial discharges re-
sulting from high concentrations of suspended sed-
iment (Mulder and Syvitski 1995, modified from
Bates 1953) that are denser than the oceanic waters
into which they are discharged. On the basis of
water temperature and the salinity of oceanic
coastal waters, fluvial waters with sediment con-
centrations of ~36-43 g/L will produce hyperpycnal
flows (Mulder and Syvitski 1995, their table 1), al-
though laboratory experiments suggest that con-
centrations as dilute as 1 g/L may effect a hyper-
pycnal flow (Parsons et al. 2001). For the purposes
of this article, we define hyperpycnal flows as con-
taining at least 40 g/L of suspended sediment; mix-
ing with saline water may permit more dilute con-
centrations to attain negative buoyancy.
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iment loads in Milliman and Syvitski’s (1992) 280-
river database, Mulder and Syvitski (1995) identified
nine “dirty rivers,” which they defined as having
mean annual sediment concentrations >10 g/L: the
Huanghe, Daling, and Haihe (China); Choshui,
Tsengwen, and Erhjen (Taiwan); Djer and Isser (Al-
geria); and Rioni (Russia). According to Mulder and
Syvitski (1995), these rivers must reach hyperpycnal
levels regularly. Using Mulder and Syvitski’s (1995)
criteria and expanding the database to ~600 rivers
(J. D. Milliman and K. L. Farnsworth, unpub. data)
add another six rivers to the dirty river list: the
Agroun (Algeria), Draa and Massa (Morocco), Hua-
lien (China), Semani (Albania), and Santa Maria
(southern California). Mulder and Syvitski (1995)
also listed a number of rivers that may produce hy-
perpycnal plumes at least once every 100 yr in re-
sponse to maximum possible flooding events, in-
cluding an additional 15 Taiwanese rivers.
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Taken together, these data suggest that hyper-
pycnal events can occur in a wide range of small-
to medium-sized rivers, ranging from freshwater
runoff of <100 mm/yr (Huanghe and Santa Maria
River) to more than 2000 mm/yr (Choshui River).
Taiwanese rivers appear particularly likely to ex-
perience hyperpycnal events (Chen et al. 2004). Re-
cently, S. Dadson, N. Hovius, S. Pegg, W. B. Dade,
and M.-]. Horng (unpub. data) have calculated that
30%-42% of the cumulative Taiwanese river sed-
iment load between 1970 and 1999 was delivered
at hyperpycnal concentrations.

One problem in using annual hydrological data
to document the occurrence and magnitude of hy-
perpycnal flows is that most events are short lived,
so even daily sampling of the river may not capture
a turbid flow and almost certainly not its magni-
tude. If shorter durations (hours rather than days)
are considered (e.g., Syvitski 2003; Hicks et al.
2004), hyperpycnal events are much more common
and occur in more rivers than commonly believed.
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The importance of close-interval sampling in
documenting hyperpycnal events was illustrated by
the hourly monitoring of a number of southern Cal-
ifornia rivers during two major storms in 1969
(Waananen 1969). In the Santa Clara River (4100-
km? watershed just north of Los Angeles), for ex-
ample, peak rainfall near the headwaters reached
20 mm/h during the midmorning of January 25.
Discharge and suspended sediment concentrations
quickly responded, reaching maximum sediment
concentrations and sediment loads exceeding 150
g/L and 2.5 million tons (MT)/h, respectively, 4-5
h after the peak rainfall. Most of the sediment
transported during this storm (15 MT—roughly
equal to the Santa Clara’s cumulative load for the
previous 20 yr) was discharged in ~7 h at concen-
trations >100 g/L (Waananen 1969). The impor-
tance of hyperpycnal events in southern California
rivers can be seen by the fact that between 1950
and 1999 they represented only ~0.1% of the cu-
mulative time but accounted for 40%-75% of the
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Left, major rivers draining Taiwan showing mean annual discharge (vertical bars) and runoff (horizontal

bars). Mean annual rainfall (m/yr) is portrayed as isohyets, >3 m/yr shaded. Right, sediment discharge from Taiwanese
rivers showing mean annual sediment load (vertical bars), sediment yield (horizontal bars), and suspended sediment
concentration (circles). Shaded area represents elevations >1000 m. Data from WRA (1997).
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various rivers’ total sediment loads (Warrick and
Milliman 2003).

Fate of Hyperpycnal Flows. On reaching the
coastal ocean, hyperpycnal flows should sink be-
neath the less dense surface waters and, depending
on the magnitude of river discharge, the subbottom
morphology/gradient, and oceanic conditions, may
escape seaward of the littoral cell (Warrick and Mil-
liman 2003). An excellent example of the plunging
sediment-laden plume is shown in an aerial pho-
tograph taken off southern Iceland after a Jo-
kulhlaup (glacial flood) in 1996 (photograph by M.
T. Gumundsson and F. Palsson, http://www.hi.is/
“mmbh/gos, fig. 3 in Mulder et al. 2003) in which a
muddy plume is surrounded by clear water, sug-
gesting that the edge of the plume is plunging be-
neath the less dense surface waters.

During a major flood on December 22-23, 1964,
the Eel River (northern California) had daily mean
suspended sediment concentrations of 30 and 35 g/
L, respectively (Waananen et al. 1970); following
the Santa Clara example, short-term sediment con-
centrations in the Eel must have been considerably
greater. The fate of the ~100 MT of sediment dis-
charged during this 2-d flood is not clear, but the
presence of what appears to be an event-related un-
conformity on the mid-outer shelf (Sommerfield
and Nittrouer 1999) suggests that most of the trans-
ported sediment may have bypassed the shelf, per-
haps being deposited on the adjacent continental
slope (N. Driscoll, pers. comm., 2003). The seaward
escape of hyperpycnal flows is also evidenced by
the above-mentioned 1969 southern California
flood during which fluvial sediment was trans-
ported to the outer margins of the Santa Barbara
shelf and into the Santa Barbara Basin (Drake et al.
1972; Gorsline 1996).

In this article, we discuss the response of Tai-
wanese rivers to Super-Typhoon Herb, during
which >200 MT of sediment, most of it at hyper-
pycnal concentrations, was discharged to the
coastal ocean in little more than 1 d. The imme-
diate and ultimate fates of this sediment, however,
remain points of speculation.

Taiwan Rivers

The island of Taiwan lies in the collision path be-
tween the Philippine and Asian plates, resulting in
mountain uplift of 5-7 mm/yr (Liu 1982). The com-
bination of high elevations in the Central (Moun-
tain) Range (locally approaching 4000 m) and soft,
erodable rocks (particularly in the southern foot-
hills west of the Central Range), together with fre-
quent earthquakes and periodically heavy rainfall,
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result in particularly rapid rates of denudation (Li
1976). Dadson et al. (2003) have concluded that the
cumulative seismic moment release and temporal
variability in runoff (particularly during typhoon-
related floods) are the dominant erosional controls
in Taiwan. Although anthropogenic impact on the
Taiwan landscape is difficult to quantify, Kao and
Liu (2002, their fig. 5b) have shown that more than
80% of the Lanyang River (northeast corner of the
island) post-1958 sediment load resulted from hu-
man activities within the watershed, namely, road
building, urbanization, and expanded agriculture.

As a result of this environmental setting, the riv-
ers draining Taiwan are well known for their high
runoff, their highly turbid waters, and their excep-
tionally high sediment yields (Li 1976). The 21 riv-
ers listed in the Hydrologic Yearbook of the Water
Resources Agency (WRA) of Taiwan drain a cu-
mulative basin area of 24,500 km? only four of
which (Wu, Tanshui, Choshui, and Kaoping) have
watersheds larger than 2000 km?. Rainfall across
Taiwan generally averages more than 2000 mm/yr
and can exceed 4000 mm/yr in the mountains (fig.
1, Ieft). Fluvial discharge and runoff range from 0.8
to 7 km?/yr and 1300 to 2800 mm/yr, respectively,
with eastern rivers tending to have greater runoff
by virtue of intense rainfall in the mountains (fig.
1, left).

The 21 rivers cited in the WRA hydrologic year-
books are listed as discharging a total of 260 MT
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Figure 2. Daily discharge (dashed line) and suspended

sediment concentrations (circles) of the Peinan River
(measured at Taitung Bridge) in 1998. The discharge scale
is linear, whereas the sediment concentrations are log-
arithmic. Highest discharges (2230 and 2110 m?/s) and
sediment concentrations (22-35 g/L) were recorded in
mid-October during Typhoons Zeb and Babs. Other tur-
bid concentrations appear unrelated to discharge; a con-
centration of 12.7 g/L on June 4, for example, occurred
when the discharge was only 136 m®/s. Data from WRA
(1997).
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Figure 3. Top, daily precipitation (mm/d) over Taiwan, July 31-August 2, 1996, based on rain gauge measurements
made at 226 meteorological stations. Lack of sufficient data prevents plotting isohyets over the southeastern part of
the island. Bottom, daily fluvial runoff (mm) of Taiwanese rivers, July 31-August 2, 1996, based on data from 133
hydrologic stations (data from WRA 1997).
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of sediment annually, which equates to a mean sed-
iment yield of nearly 11,000 t/km?/yr. (Mean an-
nual sediment loads calculated by Dadson et al.
[2003] diverge somewhat from the WRA numbers,
the greatest discrepancy being the Peinan River,
which they calculate to be 88 MT/yr compared
with the WRA’s 24 MT/yr. Dadson et al. estimate
that the annual suspended discharge from Taiwan
is 380 MT/yr; including bed load, they estimate
total sediment discharge at 500 MT/yr.) Six rivers
are listed in the WRA yearbooks as having mean
annual sediment loads >20 MT/yr (Choshui, Kao-
ping, Tsenwen, Peinan, Hualien, Hsiukuluan), and
several rivers have sediment yields exceeding
20,000 t/km?/yr (fig. 1, right), which equates to a
basin-wide erosion rate of ~8 mm/yr. Because much
of the sediment ultimately comes from the uplands
and mountains, local denudation must exceed 10
mm/yr.

In general, the highest sediment loads and yields
occur in rivers that drain the central and southern
mountains (fig. 1, right), where the lithology is
dominated by fine-grained sedimentary rocks. The

HYPERPYCNAL DISCHARGE 507

Choshui River (3150-km? drainage basin area) is
listed by the WRA as having a mean annual sedi-
ment load of 64 MT, which equates to a sediment
yield of ~20,000 t/km?*/yr and an average annual
suspended sediment concentration of ~10 g/L. Even
relatively “clean” Taiwanese rivers are sediment
laden. The WRA vyearbooks cite the Tungkang
River (472 km?, in the southwestern part of the
island) as having a sediment yield of ~1300 t/km?/
yr and an average suspended sediment concentra-
tion of “only” ~1 g/L. The Amazon, Mississippi,
and Yangtze rivers, by comparison, have mean an-
nual sediment yields and concentrations of 160, 60,
and 270 t/km?/yr and 0.16, 0.43, and 0.52 g/L,
respectively.

River flow in Taiwan is highly seasonal, with
most rain falling between June and October. Dis-
charge of most rivers during drier months averages
<10-50 m®/s, whereas during rainy months, it can
exceed 1000-5000 m?*/s. Episodes of very high dis-
charge are often associated with typhoons, whose
floods are characterized by an abrupt rise and fall
of discharge, the entire event often lasting only a
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Figure 4. Left, relation between measured discharge and suspended sediment concentrations in the Choshui River,

1990-1998. Any particular discharge can produce a two to three orders of magnitude range in suspended sediment
concentrations. The low R* value (0.37) of the algorithm underlines the impracticality of using such a sediment-
rating curve. Right, sediment-rating curve for the Choshui River based on 1996 data. Note that three distinct curves—
before, during, and after Typhoon Herb—suggest counterclockwise hysteresis. The R* of the four measurements taken
during Typhoon Herb is 0.95 and predicts closely the two highest measured values (see figs. 5, 6). Two anomalously
high concentrations (solid dots) appear to be in response to Typhoon Gloria, which occurred several days before Herb.
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Figure 5. Sediment concentrations in the Choshui, Pa-

chang, Erhjen, Kaoping, and Peinan rivers measured by
the WRA during and immediately following Typhoon
Herb (July 31-August 5) compared with sediment con-
centrations calculated from rating curves based on dis-
charge and measured sediment data. Because low con-
centrations coincided with low discharges, sediment
transport would have been extremely small; we therefore
compare only concentrations >5 g/L.

few days. In 1998, except for a few weeks in mid-
June, flow in the Peinan River, located in the south-
east part of the island (fig. 1, left), did not exceed
100 m?/s, and measured suspended sediment con-
centrations were generally <1 g/L (fig. 2). In Oc-
tober, however, Typhoons Zeb and Babs elevated
Peinan discharge to ~5000 m?/s and sediment con-
centrations exceeding 20 g/L.

Hyperpycnal Events in Taiwanese Rivers

As a consequence of the natural setting and the
impact from human activities, landslides in Taiwan
tend to be frequent, primarily related to meteoro-
logical events and occasional earthquakes (Hovius
et al. 2000; Hartshorn et al. 2002; Fuller et al. 2003;
Dadson et al. 2004). Turbid flows, most of which
are derived directly or indirectly from landslides
(see, e.g., Hovius et al. 1997, 2000; Dadson et al.
2004), also are frequent, many of them apparently
unrelated to river discharge. High concentrations
of suspended sediment in Taiwanese rivers, in fact,
can occur during both low and high flow. In the
Peinan River example, elevated sediment concen-
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trations in 1998 were measured during low flow as
well as during Typhoons Zeb and Babs (fig. 2).
Some of the high-concentration/low-discharge
occurrences in Taiwanese rivers are related to hu-
man activities. Road construction in the south-
western part of the island in 1990, for example,
apparently contributed to some of the highest sed-
iment concentrations ever reported for any river:
484 g/L in the Erhjen on August 21 and 615 g/L in
a tributary of the Tsengwen on September 10 (WRA
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Figure 6. Top, hourly rainfall at Chichi meteorological

station, near the headwaters of the Choshui River, July
31-August 2, 1996. Discharge based on hourly measure-
ments (second from top), calculated suspended sediment
concentrations (second from bottom), and calculated
hourly sediment load (bottom) for the Choshui River at
Ziuchian Bridge (upstream basin area 2989 km?; total
drainage basin area 3155 km?). Circles represent mea-
sured suspended sediment concentrations, and vertical
lines represent the period during which concentrations
were hyperpycnal. Data from WRA (1997).
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Figure 7. Discharge based on hourly measurements

(top), calculated suspended sediment concentrations
(middle), and calculated hourly sediment load (bottom)
for the Pachang River at Hosung Bridge (upstream basin
area 441 km?; total drainage basin area 474 km?), July
31-August 2, 1996. Circles represent measured sus-
pended sediment concentrations. Data from WRA (1997).

1992, pp. 196, 198). The Liwu River (central east
coast, not shown in fig. 1) is not included the WRA
21 key rivers, but between 1978 and 1983, 13 mea-
sured concentrations exceeded 20 g/L, whereas be-
tween 1983 and 1997, no high concentrations were
reported. In 1997 and 1998, however, measured
concentrations again periodically exceeded 20 g/L,
suggesting that the two separate periods of hyper-
pycnal flow may have been related to land use
change within the drainage basin.

Between 1978 and 1998, the WRA yearbooks list
more than 100 occurrences on 11 Taiwanese rivers
in which measured sediment concentrations ex-
ceeded 20 g/L. The Erhjen River had the most—43
reported events (in 15 yr}—followed by the Peinan
(26 yr), Lanyang (15 yr), and Choshui (8 yr). A recent
calculation by S. Dadson, N. Hovius, S. Pegg, W. B.
Dade, and M.-]. Horng (unpub. data) ranks the
Erhjen, Choshui, and Peinan as the most likely to
attain hyperpycnal levels. Because most Taiwanese

HYPERPYCNAL DISCHARGE 509

rivers are undersampled, however, the number of
hyperpycnal events in Taiwanese rivers unques-
tionably is much greater than evidenced in the
WRA database.

Super-Typhoon Herb: July 31-August 2, 1996

Genesis and History. In 1996, 43 tropical cy-
clones developed in the northwest Pacific; 20 were
classified as typhoons, of which six were super-
typhoons (wind speeds >140 kn). In late July 1996,
Super-Typhoon Herb tracked over the northern
Philippine Sea in a general northwest direction. By
early July 31, Herb was located about 300 km east
of Taiwan. It then changed to a more westerly
course, reaching landfall on northeastern Taiwan
in the early afternoon, with wind speeds exceeding
130 kn. By early evening, the eye of Herb had
crossed Taiwan and was headed toward southern
China, which it reached early the next morning
(August 1). By then, peak wind speeds had dropped
to 95 kn.

By many accounts, Herb was the worst storm to
hit Taiwan in 30 yr, leaving 44 dead and another
20 missing. Total damage amounted to more than
$500 million. As is true with most hurricanes and
typhoons, much of the damage resulted from heavy
rains and related flash floods rather than strong
winds. Rainfall was particularly heavy in the
mountains, exceeding 400 mm/d in both the north-
ern and southern parts of the island on July 31 (fig.
3, upper left). By August 1, as the storm moved over
southern China, the heavy rains had shifted to the
southwest, and by August 2, only the central-west-
ern parts of the island experienced daily rainfall
exceeding 50 mm (fig. 3, upper right). Total rainfall
during Herb in the Central Range locally exceeded
1800 mm (Hung 1996; Wu and Kuo 1999), and the
Mount Ali weather station recorded rainfall ex-
ceeding 80 mm/h for 14 consecutive hours (Wu and
Kuo 1999).

Fluvial runoff resulting from Herb varied spa-
tially and temporally. Daily runoff in much of the
eastern part of the island reached or exceeded 50
mm/d only on August 1. In northeastern and cen-
tral-western parts of the island, runoff on July 31
locally surpassed 200 mm, and on August 1, runoff
exceeded 400 mm/d throughout many of the south-
western watersheds (fig. 3, bottom). Instantaneous
and daily discharges on the Kaoping and Choshui
rivers surpassed historic peaks, with the peak dis-
charge of the Kaoping reaching 19,700 m®/s on Au-
gust 1. By August 2, runoff had slackened consid-
erably, although some parts of the southwest corner
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Table 1.
1996

D. MILLIMAN AND S.-J.

KAO

Calculated Sediment Loads for Nine Taiwanese Rivers Resulting from Typhoon Herb, July 31-August 2,

Calculated load

Load >40 g/L Load >30 g/L

River (gauging station) x 10°t x 10°t (%) x 10° t (%)
Southeast:
Peinan (Taitung Bridge) 11 8 (72) 8.6 (78)
Southwest:
Pachang (Hosung Bridge) 6. 2.5 (38) 4.8 (74)
Tsengwen (Mashan Bridge) 8. 5.8 (67) 7.2 (84)
Erhjen (Alien-2) 1. 0 (0) 1.3 (86)
Kaoping (Lilin Bridge) 48 26 (56) 37 (80)
Central/northwest:
Houlong (Peishih Bridge) 1.8 0 (0) 0 (0)
Taan (li) 7.4 3.4 (45) 5.0 (65)
Wu (Tatu Bridge) 2.8 0 (0) 0 (0)
Choshui (Ziuchian Bridge) 130 125 (96) 127 (98)
Total 217 171 (80) 190.9 (93]

of the island still experienced 200 mm/d (fig. 3,
bottom).

Herb’s Effect on Sediment Discharge from Taiwanese
Rivers. Although there apparently was no island-
wide census of typhoon-initiated landslides (N.
Hovius, pers. comm., 2004), the heavy rains initi-
ated substantial downslope mass movement, as
witnessed by the 20 landslides along a 33-km sec-
tion of the new central cross-island highway (Lin
et al. 1996). Aerial photographs along a 92-km? trib-
utary to the Choshui River indicated 248 landslides
covering a total area of 380 ha (Chang and Slay-
maker 2002). Lee (1996, p. 22) reported a large num-
ber of landslides in Chenyulan Creek, another
mountain tributary to the Choshui. One week after
Herb, the WRA measured a sediment concentration
of 26 g/L on this creek; sediment concentrations
clearly must have been much higher during peak
runoff on July 31 and August 1.

On the basis of the data presented in the 1996
WRA yearbook, between late July and early August,
measured suspended sediment concentrations ex-
ceeded 10 g/L at the downstream hydrologic sta-
tions on five rivers (Choshui, Pachang, Erhjen,
Kaoping, and Peinan), only two of which (Pachang
and Erhjen) were monitored near peak discharge.
Because of the infrequent sediment sampling, it is
entirely possible that hyperpycnal levels were
reached in several other rivers, most probably the
Tsengwen and Taan.

Deriving sediment-rating curves for these rivers
proved somewhat difficult given the relatively few
suspended sediment measurements taken before,
during, and after the storm. Long-term curves were
of little use given the often one to two orders of
magnitude variation in sediment concentration at
any fixed discharge. The long-term rating curve of
the Choshui, for example, has a coefficient of de-

termination (R?) of only 0.37 (fig. 4, left). To alle-
viate this problem as well as to correct any bias in
regression-based rating curves (e.g., Cohn 1995), we
created event-based rating curves by partitioning
the 1996 suspended sediment measurements (WRA
1997) into those taken before, during, and after Ty-
phoon Herb. For the Choshui River, for example,
measurements taken after Herb were generally sub-
stantially higher than those taken before July 31
(fig. 4, right).

Post-Herb concentrations remained relatively
high, suggesting that landslides initiated during
Herb provided an abundant sediment supply for the
post-Herb flow. The Typhoon Herb rating curve for
the Choshui was based on the four suspended sed-
iment measurements taken between July 31 and
August 2, the coefficient of determination being
0.95. For the other four rivers, similar event-based
rating curves were constructed, although all were
based on only three or four data points. Coefficients
of determination for these rating curves were
high—0.92-0.97—reflecting in part the few data
used to construct the curves. The primary problem
in using such rating curves to derive suspended sed-
iment concentrations is that it assumes a direct
relationship between concentration and discharge,
thereby negating the possibility of short-lived hys-
teresis loops by which peak concentrations might
precede or follow peak discharge. Unfortunately,
only continuous sampling might detect such de-
viations (Hicks et al. 2004). The close agreement
between calculated and measured sediment con-
centrations (e.g., 112 vs. 115 g/L for the Choshui
River; fig. 5), however, suggests that our rating
curves were sufficiently valid to minimize prob-
lems related to bias correction, which can dramat-
ically underestimate actual sediment concentra-



Journal of Geology

T T T T T
500 Erhjen River
(at Alien)

(07/31-08/02/1996) |

3

Discharge (m’/sec)
()
=4
T

Suspended Sediment (g/1)

- .,
.....
o e TR

Suspended Load (t/hr)
S~
g

0 12 24 36 48 60 72

Figure 8. Discharge based on hourly measurements
(top), calculated suspended sediment concentrations
(middle), and calculated hourly sediment load (bottom)
for the Erhjen River at Alien-2 (upstream basin area 175
km?; total drainage basin area 350 km?), July 31-August
2, 1996. Circles represent measured suspended sediment
concentrations. Data from WRA (1997).

tions (Cohn 1995; Dadson et al. 2003). Using hourly
discharges and derived sediment concentrations,
we calculated hourly sediment loads, the results of
which are shown in figures 6-10 and are discussed
in the following paragraphs.

Rainfall at the Chichi meteorological station, near
the headwaters of the Choshui River (and, ironically,
near the epicenter of the Chichi earthquake 3 yr
later; Dadson et al. 2004) began early on July 31,
increasing to >25 mm/h just before midnight and
then dropping substantially by midmorning on Au-
gust 1 (fig. 6). Flow on the Choshui (at the Ziuchian
Bridge gauging station, ~8 km from the Taiwan
Strait) began to rise about midday on July 31 and
peaked at 19,100 m?/s early the next morning, about
6 h after peak rainfall was recorded at Chichi (fig.
6). Flow first fell sharply and then more gradually
to 2200 m?/s by noon on August 2. The highest cal-
culated suspended sediment concentration (203 g/L)
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and sediment load (13.5 x 10° t/h) occurred at 0600
hours on August 1 (fig. 6). Between midnight and
noon on August 1, calculated sediment discharge
was 90 MT, during which suspended sediment con-
centrations exceeded 100 g/L.

Discharge on the Pachang River displayed a
much less dramatic response to Typhoon Herb. Ris-
ing at the Hosung Bridge gauging station, 6 km from
the Taiwan Strait, at about 0800 hours on July 31,
maximum flow (~2000 m?/s) was measured be-
tween 0800 and 1000 hours on August 1, after
which it decreased gradually to 1400 m?/s by mid-
night and to 160 m?/s by the end of August 2 (fig.
7). The highest calculated suspended sediment con-
centration was 47 g/L (midday August 1; fig. 7).
Total sediment transported by the Pachang during
the 3-d period was 6.5 MT, of which ~38% was
transported at concentrations >40 g/L (table 1).

Before the arrival of Herb, the Erhjen River, the
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Figure 9. Discharge based on hourly measurements
(top), calculated suspended sediment concentrations
(middle), and calculated hourly sediment load (bottom)
for the Kaoping River at Lilin Bridge (upstream basin area
2895 km?; total drainage basin area 3257 km?), July 31—
August 2, 1996. Circles represent measured suspended
sediment concentrations. Data from WRA (1997).
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Figure 10. Discharge based on hourly measurements

(top), calculated suspended sediment concentrations
(middle), and calculated hourly sediment load (bottom)
for the Peinan River at Taitung Bridge (upstream basin
area 1584 km?; total drainage basin area 1603 km?), July
31-August 2, 1996. Circles represent measured sus-
pended sediment concentrations. Data from WRA (1997).

smallest of the rivers discussed in this article (basin
area 350 km?), was discharging only ~4 m?/s at the
Alien-2 gauging station, 15 km from the coast. By
midnight on August 1, discharge had increased to
390 m?/s. It peaked twice that afternoon, after
which it dropped to 11 m?/s the following midnight
(fig. 8). Although calculated suspended sediment
concentrations barely reached 40 g/L, they ex-
ceeded 30 g/L for nearly 24 h, during which the
river transported ~1.3 MT. The low stream power
and sediment loads in the Erhjen during Herb pre-
sumably reflect the small portion of the watershed
drained by the high-rainfall mountains.

The largest river in Taiwan (3257 km?), with
headwaters at ~4000-m elevations, Kaoping River
flow (at Lilin Bridge, ~45 km from the coast) in-
creased from ~200 m?/s in the early morning of July
31 to >19,000 m?®/s between 0800 and 1000 hours
on August 1. Discharge then decreased to 6140 m?/
s at midnight and 3570 m?/s the following noon
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(fig. 9). The close fit between the three observed
sediment concentrations and the derived sediment-
rating curve suggests that peak sediment concen-
tration was probably no greater than 45 g/L, al-
though concentrations exceeded 30 g/L for 14 h.
Sediment transported during this 14-h interval to-
taled 37 MT, ~80% of the total event-driven load,
but only 26% of the total calculated sediment load
was at concentrations >40 g/L (fig. 9; table 1).

The Peinan River was the only east coast river
that apparently reached hyperpycnal levels during
Typhoon Herb. Flow at Taitung Bridge, ~8 km from
the Philippine Sea, peaked at 3690 m?®/s just after
noon on August 1 and then dropped abruptly to
1470 m*/s by midnight (fig. 10). Calculated sedi-
ment concentrations exceeded 40 g/L for 12 h on
August 1 (0700-1900 hours), during which the river
discharged ~8 MT (fig. 10; table 1).

The lack of field measurements made during
Herb prevented us from calculating the suspended
loads for most other rivers in the southern part of
the island, where the typhoon had greatest impact.
However, rating curves based on measurements
taken before and after Herb suggest that the Taan
and Tsengwen rivers also experienced hyperpycnal
flows. Using rating curves based on post-Herb data,
we calculate that the sediment loads transported
by these two rivers were 7.4 and 8.6 MT, respec-
tively, of which 3.4 and 5.8 MT were at concen-
trations >40 g/L. (We note that no suspended sed-
iment measurements were taken on the Tsengwen

500

Choshui River

Annual Sediment Load (7«1106 t/yr)

Figure 11. Calculated annual suspended loads for the
Choshui River, 1980-2001, based on annual sediment-
rating curves. The black portion of each bar represents
the estimated amount discharged at hyperpycnal con-
centrations. The mean 1980-2001 load decreases by
nearly 40% (42 to 26 MT/yr) if the sediment loads derived
from Typhoons Herb (1996) and Toraji and Nori (2001)
are ignored, emphasizing the importance of the short-
lived hyperpycnal events on this river.
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Figure 12. Percentage of annual loads represented by

hyperpycnal flows in the Choshui River, 1980-2002. As
with the Santa Clara River in southern California, years
with low sediment loads are predominantly hypopycnal,
whereas annual loads substantially greater than ~50 MT
are delivered largely at hyperpycnal concentrations.

between July 31 and August 13, thus making any
calculation of event-related sediment concentra-
tions and loads particularly precarious.) Two other
rivers, the Wu and Houlong, are calculated to have
discharged significant amounts of sediment—1.8
and 1.0 MT, respectively—during the typhoon but
apparently at hypopycnal, not hyperpycnal, levels.
Presumably, the sediments discharged by other riv-
ers were not elevated substantially above normal
seasonal levels.

Collectively, the nine Taiwanese rivers are esti-
mated to have discharged 217 MT of sediment to
coastal waters during and immediately after Ty-
phoon Herb (table 1), the bulk of this load being
delivered between midnight and 1800 on August 1.
Collectively, the other Taiwanese rivers probably
discharged no more than 5-10 MT during this same
period. The 217-MT estimate represents approxi-
mately 80% of the total mean annual sediment load
of the 21 largest Taiwanese rivers as listed by the
WRA. In fact, the calculated Herb-derived sediment
loads for the Choshui, Pachang, and Kaoping were
substantially greater than their mean annual loads
(see fig. 1). Approximately 80% of the Herb-induced
sediment load was discharged at concentrations
>40 g/L (table 1). If we consider a less conservative
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lower boundary of hyperpycnal flow to be 30 g/L,
which is entirely possible if the fluvial discharge
sufficiently diluted the coastal waters, hyperpycnal
concentrations would have accounted for nearly
90% of the cumulative load (table 1).

Flux and Fate of the Hyperpycnal Discharge

The importance of episodic hyperpycnal events in
Taiwanese rivers can be shown by the example of
the Choshui River. Using annual sediment-rating
curves, many of which closely resemble the coun-
terclockwise hysteresis curve in figure 4 (right), we
calculate that between 1980 and 2001, the Choshui
discharged approximately 970 MT of suspended
sediment, of which about half (470 MT) was dis-
charged at concentrations >40 g/L (fig. 11). The
seven high-discharge events during this 22-yr pe-
riod (all of them primarily hyperpycnal) totaled <30
d (~0.25% of the cumulative time), but the total
sediment load transported amounted to more than
half of the cumulative 22-yr sediment load.

In this respect, the prominence of episodic hy-
perpycnal sediment flux from the Choshui River is
surprisingly similar to the Santa Clara River men-
tioned earlier in this article, even though the an-
nual runoff of the two rivers differs greatly: >2000
versus <50 mm/yr. Despite the markedly different
hydrologic regimes, discharge on both rivers is
event driven (fig. 12), the Santa Clara responding
to El Nifo-Southern Oscillation/Pacific Decadal
Oscillation-related storms and the Choshui to ty-
phoons. The importance of seasonal variations in
rainfall and river flow in determining fluvial ero-
sion and sediment transport from small mountain-
ous rivers also has been noted in Indonesia (Cecil
et al. 2003).

The fate of the sediment discharged during Ty-
phoon Herb is not entirely clear. The southeastern
shelf adjacent to the Peinan River is only a few
kilometers wide, beyond which the steep slope
drops into the >4000-km-deep Huatong Basin (fig.
13). Given the narrow shelf, a direct bypass from
the Peinan River to this deep basin, particularly
during hyperpycnal flow, seems likely.

On the southwestern side of the island, the Kao-
ping River empties directly into the Kaoping
Canyon, which feeds into the Penghu Canyon sys-
tem, which in turn leads into the South China Sea.
The mouths of the Erhjen, Tsengwen, and Pachang
rivers also are relatively close to Penghu Canyon,
and it therefore seems reasonable to assume that
sediment discharged from all four rivers reaches
this system and thereby ultimately the South
China Sea (fig. 13).



514 J.

D. MILLIMAN AND S.-J.

KAO

2 6 | | I E |

119

Figure 13.

|
122 123

Sediment discharge to the coastal ocean from nine Taiwan rivers following Super-Typhoon Herb, July

31-August 1, 1996. Arrowheads represent 11 MT (southeast), 64 MT (southwest), and 142 MT (northwest), respectively.
Bathymetry from Yu and Song (2000). Shelf muds in the Taiwan Strait, defined by >75% silt + clay, are derived from
Boggs et al. (1979). HT = Huatong Basin; PC = Penghu Canyon; TS = Taiwan Strait; ECS = East China Sea; OT =

Okinawa Trough.

More perplexing is the fate of the Herb-derived
sediment discharged by rivers north of the struc-
tural high that separates the Penghu Canyon from
the northern Taiwan Strait (fig. 13). These rivers
include not only the Choshui (130 MT of Herb-
derived sediment, nearly all of it at hyperpycnal
levels) but also the Wu, Taan, and Houlong rivers.
If the fluvial sediments discharged during Herb and
other typhoons (during Typhoon Torajiin 2001, e.g.,
the Choshui discharged an estimated 175 MT; Dad-
son et al. 2004) were deposited in the Taiwan Strait,
one would expect a thick wedge or wedges of sed-
iment, perhaps evidenced as a prograding delta or
clinoform. Yet the Taiwan Strait off central-west-
ern Taiwan is dominated by sand, not mud (Boggs
et al. 1979; fig. 13), and much of the western coast-

line of Taiwan is at present eroding, not accreting.
This suggests that much of the sediment entering
the coastal waters from these rivers bypasses the
littoral zone and escapes to deeper water.

Two fates for the sediment escaping the central
and northwestern coast seem particularly plausi-
ble: (1) The sediment ultimately passes into the
Penghu Canyon system, from whence it ultimately
reaches the South China Sea basin. The bathymet-
ric barrier between the northern and central rivers
and the Penghu Canyon system, however, makes
southward transport unlikely. (2) Most of the event-
derived mud is transported northward to a mud
patch in the Taiwan Strait (fig. 13) or perhaps far-
ther north into the East China Sea. The northward-
flowing Taiwan Warm Current, which achieves
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maximum transport during summer (typhoon)
months (Lee and Chao 2003), would seem to be the
likely transport agent. The sediment might even be
transported around the northern tip of Taiwan and
into the Okinawa Trough via the retroflected Tai-
wan Warm Current (Tseng and Shen 2003), but at
present, it seems imprudent to speculate further.

Concluding Statement

Calculating typhoon-derived sediment concentra-
tions and loads on the basis of so few event-related
measurements, as we have done in this article, may
give new meaning to the word “speculative.” Nev-
ertheless, the close correlation between measured
and calculated suspended sediment concentrations
(figs. 5-10) indicates that Taiwanese rivers can dis-
charge large quantities of sediment, much of it
at hyperpycnal concentrations, during typhoon-
induced floods. To quantify more accurately the
amount and concentration of flood-derived sedi-
ment discharged to the coastal ocean during such
events, however, will require more frequent mea-
surements during catastrophic events.

The short-term and longer-term fates of the river-
derived sediment discharged to the coastal ocean
are even less certain. On the basis of bathymetric,
geological, and oceanographic considerations, we
assume that most of the sediment discharged by
southwestern and southeastern rivers during Herb
(and other typhoons as well) was transported to
deeper water. Sediment discharged by northwest-
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ern rivers, on the other hand, may have been trans-
ported toward the East China Sea. At present, we
cannot say whether this sediment escaped the sub-
littoral cell immediately or was stored temporarily
(on the shelf) and subsequently was resuspended
and transported away; if the latter case applies, we
cannot yet define the processes that would have
resuspended and transported the sediment.

Many small rivers throughout the world appear
to be event driven in that a large portion of their
total sediment load is discharged during relatively
few short-lived events. Such rivers include both
arid rivers (e.g., Santa Clara) and humid rivers (e.g.,
Choshui), suggesting that the occurrence of storm-
related hyperpycnal events in other rivers might be
more common than is generally believed. Because
of their relative frequency and strength, hyperpyc-
nal flows in Taiwanese rivers merit further study
if only because they may shed light on processes
within other rivers that periodically discharge sed-
iments at hyperpycnal concentrations to the
coastal ocean.
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