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PREFACE TO VOLUME 1

This is Volume 1 of a two-volume report that presents information
gathered during a study of two candidate dredged-material disposal sites
located offshore San Francisco. This volume provides project background,
summary of methods, results, discussions, and conclusions; Volume 2 contains

several appendixes that provide details of the data analyses and full
presentations of data and results.






SUMMARY

The U.S. Army Corps of Engineers (USACE), San Francisco District, has
identified two candidate sites for ocean disposal of material from several
dredging projects in San Francisco Bay. The disposal site is to be
designated under Section 103 of the Ocean Dumping Act. One of the specific
criteria in the Ocean Dumping Act is that the physical environments of the
candidate sites be considered. Toward this goal, the USACE requesied that
the Pacific Northwest Laboratory conduct a study of physical oceanographic
and sediment transport processes at the candidate sites, BIB and 1M. The
results of that study are presented in this report.

Site BIB is located approximately 12 nautical miles {nmi} offshore Half
Moon Bay in water 86 m deep. Site IM is closer to the Golden Gate, 12 nmi
northwest of Point San Pedro, in water 42 m deep. The measurement program
consisted of 4 deployments of subsurface moorings with current meters and
optical suspended-sediment sensors over a 13-month period between April 1988
and May 1989, At Site BIB, the current meters were at depths of 21, 46, and
85 m, and the sediment sensor was 0.36 m above the bottom. At Site IM,
current meters were at depths of 21 and 40 m, and the sediment sensor was
0.36 m above the bottom. Data recovery was excellent, except for the loss of
near-bottom current meter information during the final deployment at Site BIB
and the loss of sediment sensor information during the final depioyment at
Site 1M. Wind data from National Data Buoy Center Buoy 46012 were obtained
to assist in the interpretation of the current data, and wave data for use
in sediment transport calculations were obtained from the Montara array,
which is maintained by the Coastal Data Information Program.

Analysis of the current measurements indicates that, for the 13-month
period, the mean alongshore component of currents was southward at both sites
and ail depths except at 21 m at Site 1M, where the alongshore mean was
northward. Seasonal variations in the strength of the alongshore currents
occurred at Site B1B, but flow was southward at all depths and in both
spring/summer and fall/winter seasons. Seasonal reversals of flow occurred
at Size IM. In spring/summer, alongshore flow was southward near the bottom
(40 m) and northward at 21 m. In fall/winter, the opposite occurred, and



mean flow was northward near the bottom and southward at 21 m. Low-frequency
currents were mostly aligned with the regional bathymetric contours at both
sites. Tides were predominantly cross-shelf at both sites. Tidal currents
were stronger at Site 1M, and the semidiurnal M2 tidal ellipse was oriented
toward the entrance of San Francisco Bay. Tides at Site BI1B were weaker and
more rotary in nature. Tidal currents accounted for approximately 50% of the
variance in current velocity at Site B1B and about 70% of the variance at
Site IM. Wind-driven flows accounted for 40% to 50% of the variance in
current velocities over periods of 2 to 10 days. Current patterns at both
sites differed from the accepted continental shelf circulation pattern
described by previous researchers. At Site BIB, the differences may be
caused by year-to-year changes in the shelf current regime. In addition to
year-to-year variability, the differences at Site 1M are likely due to the
nearshore focation in the Gulf of the Farallones.

Sediment-transport calculations were performed using a wave-current
boundary Jayer model, measured current velocities, and wave parameters
estimated from data recorded at Montara. The calculations predicted the
vertical profiles for sediment concentration and velocity, and estimated
rates and directions of suspended-sediment transport. The sediment transport
calculations indicated that resuspension of bottom material at both sites is
caused primariiy by wave action and occurs much more frequently in
fall/winter, when long-period swell from distant storms and shorter-peried
wind waves from intense local storms both cause higher wave-orbital veloci-
ties near the bottom. Resuspension occurs more frequently at the shallower
Site 1M because more wave energy reaches the bottom. Primarily for this
reason, calculated sediment transport rates at Site IM are approximately 10
to 20 times higher than transpert rates at Site B1B. In addition, because
more energy reaches the bottom, material at Site 1M will be transported that
would remain immobile at Site BIB. Calculated net transport at both sites is
southward and offshore. At Site BIB, the mean transport direction corre-
sponds closely with the mean current direction. At Site IM, the timing of
resuspension events causes the calculated mean sediment transport to diverge
from the mean current direction, which has a substantial onshore component.

vi
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flow direction may be indirect evidence for the influence of salinity-
induced stratification caused by freshwater discharge from San Francisco Bay.
More direct evidence of the influence of tidal exchange through the Golden
Gate was provided by the orientation of the M2 tidal ellipses at Site 1IM. An
overc1l increase in tidal influence at Site 1M, compared with Site BB, is
consistent with a general increase in tidal amplitude with shallower water
deptts and proximity to the Golden Gate. The data from the SWOOP current
meter mooring, which is located inshore of Site 1M, show even greater tidal
influence (Roberts 1980) and are consistent with this pattern.

The response of currents at both sites to local winds was more typical
of other observations made along the California coast. Although cross-
spectral analysis indicates that statistically significant correlation exists
amon¢ measured currents and local winds represented by the NDBC Buoy 46012
data, only about half of the observed current fiuctuations occurring over
pericods of 2 to 10 days can be related to local winds. The best correlation
was 1ound among the alongshore components of currents and wind stress. These
resu ts are consistent with relationships observed at Moorings K and H3, and
at the CODE site (Denbo and Allen 1987; Chelton et al. 1988; Davis and Bogden
1989, .

4.2 SEDIMENT TRANSPORT AT SITES B1B AND IM

This study presents sediment transport caiculations made using a soph-
isticated wave-current boundary layer model and frequently sampled, site-
spec fic data for waves and currents. Estimation of sediment transport is,
however, notoriously difficult, and there is substantial uncertainty sur-
rounding the transport estimates. The likely sources of error and the
sens-tivity of the results to uncertainty are discussed in detail in
Volume 2, Appendix C. The greatest uncertainty is associated with the
frequency of resuspension and the rate of transport, because in the calcu-
lations these are affected by characteristics of the bottom material that are
diff-cult to determine (critical shear stress and settling velocity) and a
reference concentration coefficient (qo) for which a large range of values

has heen proposed. More certain are the calculated transport directions,
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which depend strongly on the measured currents. The greatest confidence is
piaced in comparisons made between the two sites.

The following section discusses the physical differences between the two
sites and their effects on transport of material from each site. Section
4.2.2 compares the results of this study to those of an earlier study that
used a different approach for calculating dispersion of sediment from the
sites,

4.2.1 Comparison of the Two Candidate Sites

Depth

Depth is the most important difference between the two sites. The
shaliower depth at Site 1M allows more wave energy to reach the bottom and
results in more frequent, longer-duration resuspension events. As the
dredged material accumulates in mounds at the sites, the depth difference
will become even more pronounced because the amount of wave energy that
reaches the bottom will be relatively greater at Site IM. For example,
Table 1.1 indicates that the near-bottom wave-orbital velocity under a 3-m,
14-s wave in water 80 m deep is 24 cm.-s-1, and in water 50 m deep is
43 cm-s-1. Decreasing the water depth by 10 m at both sites increases
orbital velocity by 5 em-s-1 (to 29 cm-s-1) at the deeper site, but at the
shallower site, the 10-m-depth change produces a 1l-cm-s-1 jncrease to
54 cm-s~1. This implies that, if dredged material accumulated at Sites BI1B
and 1M at equal rates, transport rates at Site 1M would increase more rapidly
than at Site B1B. If the material placed at the sites was similar, it would
be resuspended more frequently at Site 1M.

Wave Climate

Wave energy is primarily responsible for resuspending bottom material
and making it available for transport by currents. In this study, identical
wave climates were assumed for Sites BIB and 1IM. The degree to which Montara
wave data represent conditions at the two sites is difficult to ascertain.
The Montara wave data for the study period indicate smaller wave heights and
shorter periods than wave climate estimates prepared by Tetra Tech (1987),
based on hindcasts from 20 years of data (Corson et al. 1986). Assuming
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that the Tetra Tech calculations represent the long-term wave climate at the
two locations, the discrepancy may mean that the study was conducted during a
periol of milder wave conditicons, or it may mean that the Montara data are
unsuitable for making reliablie estimates at the two sites without correcting
for snoaling effects. The Tetra Tech calculations indicate that the wave
climate is more severe (higher waves, longer periods) at Site BIB than at
Site IM. This difference would tend to increase the calculated freguency and
rate of transport at Site BIB. Even fairly large increases in the wave cli-
mate at Site B1B are unlikely to change the relative transport rates between
the t«o sites, because the difference is mostly due to the 44-m difference in
water depth.

~ontinental Shelf Circulation

The data collected in this study indicates that the two candidate sites
are located in different current regimes. Although the distributions of
measured near-hottom current speed were very similar at the two sites, tidal
analysis indicated that tidal currents are stronger at Site 1M and show
influence of tidal exchange through the Golden Gate. Tidal currents at Site
B1B are slightly weaker and more rotary. Among the current meter data from
the five instrument locations, data from the near-bottom currents at Site B1B
were most coherent with the wind data and best aligned with the bottom con-
tours. Overall, the near-bottom currents at Site B1B appear to respond more
to wind forcing than at Site 1M. The implications for sediment transport are
1} transport at Site B1B is mostly parallel with the depth contours and
strongly influenced by seasonal and long-term mean curvent directions, but
2) at Site 1M, transport directions do not correspond well with local depth
contours and are more influenced by tides.

4.2.2 Comparison with the Results of Earlier Studies

The study performed by Tetra Tech (1987) estimated sediment dispersion
from candidate Site Bl {located near B1B) and Site 1IM. That study differs
from the calculations presented in this report in two important respects:

1) wave and current statistics (in the form of probability distributions)
were ysed as input for sediment transport calculations in the Tetra Tech
study, rather than time series of measurements, and 2) only bedload sediment
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transport calculations were made in the Tetra Tech study, neglecting sus-
pended sediment transport except during disposal operations. The present
calculations benefit from the measurements made at the candidate sites during
this study, and allow calculations of hourly sediment transport that combine
wave- and current-induced resuspension events with hourly current speed and
direction. The direction of sediment transport calculated in this study can,
therefore, differ from the mean current direction, because transport direc-
tion depends also on the timing of resuspension. In many other respects, the
calculations and predictions are similar. As pointed out in the Tetra Tech
report, the large uncertainty surrounding critical shear stress values
appropriate for dredged material remains a problem. However, the common
conclusions of both studies do not depend on the value of critical shear
stress. They are

» Some transport will gccur at both candidate sites, but transport
rates are much higher (10 to 20 times greater) at Site 1M.

+ Transport rates are dominated by the wave climate and water depth,
and transport rates will increase in shallower water depths.
In addition, this study and the Tetra Tech study both predict onshore
transport at Site IM, but for different reasons. In the Tetra Tech study,
transport direction was influenced by the Stokes drift in the direction of
wave transport. In this study, transport direction is determined by current
direction and timing of resuspension.

The present study validates some of the assumptions used in the Tetra
Tech study. In particular, the M2 tidal ellipse calculated in this study is
elongate toward the Golden Gate and confirms that Site 1M is influenced by
tidal exchange with San Francisco Bay. An assumption made in the Tetra Tech
study that was not confirmed by this measurement program is that mean current
direction at Site B1B can be well represented by the Mooring K measurements.
As discussed above, substantial differences were observed.

A significant difference in the conclusions of the two studies exists in
the calculated transport directions at Site 1M. The Tetra Tech study pre-
dicted northward, onshore movement of material deposited at Site IM; this
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study predicts southward, onshore movement. The difference arises from the

methods used for calculating sediment transport direction.

4.3 INTERANNUAL VARTABILITY

The issue of interannual variability (year-to-year changes) is important
when extrapolating the results of this study to make longer-term predictions
regarding the fate of dredged material. The question can be simply stated:
Are the conditions measured during this 13-month study representative of the
means and extremes 1likely to occur over the lifetime of the disposal sites?
Interannual variability occurs in winds, currents, and waves, and will
result in differences in sediment transport from year to year. In particu-
lar, the frequency and severity of the storms that ultimately dominate sedi-
ment transport will vary. The results and calculations of this report are
valid only to the degree that the study period represents the long-term
conditions.

The factors with the greatest effect on sediment transport calculations
are the frequency of high, long-period waves, and the direction of the cur-
rents. Wave climate was discussed in Section 1.4.4. Long-term wave data
are not available for Montara, and only a few years of data are available
from CDIP for the Farallon Island waverider buoy. Although long-term data
are available for other nearby sites, published data for the study period are
not yet available. It is difficult, therefore, to determine how well the
wave data used in these calculations represent the long-term conditions.

The direction of sediment transport calculated in Section 3.3 is very
sensitive to the mean current direction, particularly during the winter-storm
season. The seasonal current variations measured in this study are different
from those measured slightly to the south, at Moorings K and H3, where mean
northward flow was measured. Because data from those moorings were obtained
at different locations, and in different years, two hypotheses for the
difference in currents are equally possible: 1) the current patterns are
different for reasons of location or 2) the current patterns are different
because of interannual variation. Because the H3 mooring was located at the
same depth and Tess than 20 km from Site B1B, there is no reason to expect
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that currents at H3 shouid differ greatly from those at Site B1B. Thus, it
seems more probable that the discrepancy between mean flows at Sites BB and
H3 is due to interannual variability. The implication for sediment transport
calculations is that less southward sediment transport, or possibly northward
transport, could occur in other years. At Site IM, the only data available
are from this study and, although it is clear that spatial differences exist
between Site IM and Site B1B, the potential for year-to-year variation in the
currents cannot be assessed. The important issue of interannual variability
in currents at the candidate sites can only be addressed with longer-term
measurements.
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5.0 CONCLUSIONS

.This report has described a physical oceanographic measurement program
conducted at two candidate dredged-material disposal sites in the Gulf of the
Farallones offshore San Francisco. Data were collected for a nearly con-
tinuous 13-month period between April 1988 and May 1989. Subsequent analysis
of the data and estimation of sediment transport at the two sites were per-
formed, and the results are contained in this report. The important conclu-
sions from this study are listed below.

5.1 CURRENTS

Current velocities were measured at depths of 21 m, 46 m, and 85 m at
Site BI1B (86-m water depth), and at depths of 21 m and 40 m at Site 1M (42-m
water depth). The following conclusions were drawn from analysis of the
current meter data.

¢« The mean alongshore component of currents was southward at both
sites and all depths except at 21 m at Site 1M, where the along-
shore mean was northward. The mean cross-shelf compeonent was
onshore at both sites and all depths except at 85 m at Site BIB,
where it was offshore. Mean currents for the entire data set are
summarized in Figure 3.10 and Table 3.1,

¢« Seasonal variations in the strength of the alongshore currents
occurred at Site B1B, but flow was southward at all depths and in
both spring/summer and fall/winter seasons. Seasonal reversals of
fiow occurred at Site 1M. 1In spring/summer, alongshore flow was
southward near the bottom (40 m) and northward at 21 m. In fall/
winter, the opposite occurred, and mean flow was northward near the
bo;%om and southward at 21 m. Seasonal flows are summarized in
Table 3.2.

» Low-frequency currents were mostly aligned with the regional
bathymetric contours at both sites, as indicated by the principal
components. Cross-shelf variation decreased with depth at both
sites, and the orientation of the principal (alongshore) axis
rotated counterclockwise with depth.

« Tidal currents were predominantly cross-shelf at both sites. Tidal
currents were stronger at Site 1M, and the diurnal M2 tidal ellipse
was oriented toward the entrance to San Francisco Bay. Tides at
Site B1B were weaker and more rotary in nature. Tidal currents
accounted for approximately 50% of the variance in current velocity
at Site B1B and about 70% of the variance at Site IM.
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*+ Cross-spectral analyses of the current meter data indicated low,
but statistically significant, coherence in the wind-forced
frequency band for the alongshore components of velocity. The
cross-shelf components of currents at the two sites were not
coherent. Changes in the alongshore component of Tow-frequency
flow occurred first at Site IM,

*» Cross-spectral analyses between the wind at NDBC buoy 46012 and the
currents indicated moderate, statistically significant coherence at
periods of 2 to 10 days. Wind-driven flows accounted for 40% to
50% of the variance in current velocities at these long periods.

*+ Currents at both sites differed from the accepted continental shelf
circulation pattern described by previous researchers. At Site
BIB, the seasonal pattern was different from that observed at
nearby mocrings, and surprisingly little northward flow was
observed. A Tikely explanation is that significant interannual
variation occurs at Site BIB. At Site 1M, reversal in the mean
current with depth occurred, suggesting that processes associated
with stratification were important. The increased tidal influence
and the greater variability observed at Site 1M suggest that cur-
rents at that site were more strongly influenced by the coastal
boundary and flow around headlands, points, and bays, as well as
tidal flow through the Golden Gate.

5.2 SEDIMENT TRANSPORT

Sediment-transport calculations were performed using a wave-current
boundary layer model, measured current velocities, and wave parameters esti-
mated from data recorded at Montara. The calculations predicted the vertical
profiles for sediment concentration and velocity, and estimated rates and
directions of suspended-sediment transport. The following conclusions were
drawn from the calculations,

e Resuspension of bottom material was caused primarily by wave
action. Measured currents alone were seldom sufficient 1o cause
resuspension and transport, but isolated incidents of strong cur-
rents, which caused sediment transport, were recorded. Strong,
near-bottom currents occurred more often in the winter storm
season, probably because 1) stronger winds were present and 2) the
water column was well mixed and wind-driven surface currents were
more closely coupled with near-bottom currents.

» Resuspension of sediment occurred much more frequently in fall/
winter, when long-period swell from distant storms and shorter-
period wind waves from intense local storms both caused higher
wave-orbital velocities near the bottom.
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Resuspension occurred more frequently at the shallower Site 1M
because 1) energy from shorter-period waves can reach the bottom
and 2} more energy from waves of all periods can reach the bottom.

Because resuspension occurred more frequently, and because more
sediment is suspended, calculated transport rates at Site 1M are
approximately 10 to 20 times higher than transport rates at

Site B1B. In addition, because more energy reached the bottom at
Site 1M, material can be transported that would remain immobile at
Site B1B.

Calculated net transport at both sites is southward and offshore.
At Site BIB, the mean transport direction corresponds closely with
the mean current direction. At Site 1M, calculated mean sediment
transport diverges from the mean current direction, which has a
substantial onshore component. Because the transpert calculations
at Site IM are based on a Tonger record and depend less on indi-
vidual events, reasonable confidence is associated with the
calculated southward direction for net transport. In contrast,
less confidence is placed on the calculations made at Site BIB
because 1) the period of data for calculations is 120 days shorter
and 2) the sign of the calculated alongshore component of sediment
transport can be changed by omitting key individual transport
events.

Finally, there are uncertainties inherent in these sediment trans-
port calculations. These uncertainties arise from several
sources, the most important of which are simplifying assumptions
made in determining suspended sediment concentration, uncertainty
in the value of critical shear stress, and large spread in values
for other empirically established coefficients. Greatest uncer-
tainty in the calculated results is associated with the magnitude
of the flux, which may be in error by a factor of 10. The direc-
tion of transport is more certain especially at Site IM. The
greatest confidence is placed in comparisons between the two
sites. Unless the Montara wave data provide a very poor repre-
sentation of conditions at one of the two sites, it is apparent
from these calculations that material will disperse more rapidly
from Site 1M than from Site BI1B.
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