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Anthropogenic Influence on Recent Bathymetric Change
in West—Central San Francisco Bay
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ABSTRACT

Two multi-beam sonar surveys of west-central San
Francisco Bay, California, were conducted in 1997
and 2008. Bathymetric change analysis between

the two surveys indicates a loss of 14.1 million m3
(-3.1 cm yr'!) of sediment during this time period,
representing an approximately three-fold accelera-
tion of the rate that was observed from prior depth
change analysis from 1947 to 1979 for all of Central
Bay, using more spatially coarse National Ocean
Service (NOS) soundings. The portions of the overlap-
ping survey areas between 1997 and 2008 designated
as aggregate mining lease sites lost sediment at five
times the rate of the remainder of west-central San
Francisco Bay. Despite covering only 28% of the
analysis area, volume change within leasing areas
accounted for 9.2 million m3 of sediment loss, while
the rest of the area lost 4.9 million m? of sediment.
The uncertainty of this recent analysis is more tightly
constrained due to more stringent controls on vertical
and horizontal position via tightly coupled, inertially
aided differential Global Positioning Systems (GPS)
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solutions for survey vessel trajectory that virtually
eliminate inaccuracies from traditional tide model-
ing and vessel motion artifacts. Further, quantifica-
tion of systematic depth measurement error can now
be calculated through comparison of static surfaces
(e.g., bedrock) between surveys using sea-floor habitat
maps based on acoustic back-scatter measurements
and ground-truthing with grab samples and underwa-
ter video. Sediment loss in the entire San Francisco
Bay Coastal System during the last half-century, as
estimated from a series of bathymetric change studies,
is 240 million m3, and most of this is believed to be
coarse sediment (i.e., sand and gravel) from Central
Bay and the San Francisco Bar, which is likely to
limit the sand supply to adjacent, open-coast beaches.
This hypothesis is supported by a calibrated numerical
model in a related study that indicates that there is a
potential net export of sand-sized sediment across the
Golden Gate, suggesting that a reduction in the sup-
ply of sand-sized sediment within west-central San
Francisco Bay will limit transport to the outer coast.

KEYWORDS

bathymetry, multi-beam sonar, estuary, anthropo-
genic, dredging, aggregate mining, sediment transport
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INTRODUCTION

Multi-beam sonars use swaths of sound pulses
focused perpendicular to the direction of a ship

to measure depths of the seafloor. Within the last
decade, multi-beam sonar system technology has
advanced to enable imaging of the seafloor with
increased spatial coverage (sub-! m grid resolution)
and angular resolution, allowing a greater number of
beams per swath, increased ping frequency (5 Hz in
30 m of water) and speed (3,000 soundings/sec), and
the potential of measuring depths with resolution of
a few centimeters. Modern systems can collect data at
boat speeds of up to 16 km hr! while still maintain-
ing density of up to 10 soundings per m? in 50 m
water depth, a four-fold increase in the last decade.
By combining sub-meter resolution multi-beam data
with the sub-decimeter positioning accuracy of dif-
ferential GPS surveying, the seafloor position can
now be mapped with unprecedented detail and preci-
sion. The goal of this paper is to report the results

of bathymetric change analysis in west-central San
Francisco Bay, California, using the first multi-beam
surveys performed with differential GPS covering this
region. This information is critical for the sediment-
management community who must assess the impact
of anthropogenic influences such as aggregate min-
ing and dredging on the regional sediment supply.

STUDY AREA

San Francisco Bay is a large estuary with a num-
ber of economically significant harbors in one of
the most developed regions of the United States
(Figure 1). The San Joaquin and Sacramento rivers
had, from the period 1938 to 2005, an annual mean
fresh-water discharge rate into the San Francisco Bay
of 800 m> s~! (DWR 2007). Despite this accounting
for 40% of California’s drainage area, fresh-water
input represents less than 1% of the tidal prism of

2 x 102 m? served by the Golden Gate tidal inlet, the
only point of exchange with the Pacific Ocean. Tidal
currents in the inlet throat peak at over 2.5 m s°1,
and can exceed 1 m s! even on the edge of the San
Francisco Bar (i.e., ebb tidal delta), which is more
than 10 km seaward of the inlet throat (Barnard and
others 2007) (Figure 1). Landward of the Golden
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Gate, west-central San Francisco Bay is the deep-
est part of the entire estuary, containing the coars-
est sediment, and the strongest currents. Bedrock
pinnacles and sandy shoals focus currents and pro-
duce a wide range of bedform morphologies (Rubin
and McCulloch 1980; Barnard and others, in press).
Wave energy in the Bay is primarily generated by
local winds, and plays only a minor role in sedi-
ment transport throughout the deeper portions of the
bay. However, the impact of local, wind-generated
waves and deep ocean swell can induce significant
turbulence and sediment transport in the shallow,
inter-tidal areas, where fine sediment dominates the
substrate (Talke and Stacey 2003).

PRIOR WORK

Major anthropogenic changes to the San Francisco
Bay Coastal System (which incorporates the San
Francisco Bay, the mouth of the Sacramento-San
Joaquin Delta, and the mouth of the San Francisco
Bay, including the adjacent open coast) began dur-
ing the Gold Rush in the 19th century and have
continued to the present. The influx of an estimated
1.15 x 10° m? of sediment from hydraulic mining
during the Gold Rush (Gilbert 1917) in concert with
major building development in the coastal wetlands
in San Francisco Bay has exerted a strong influ-
ence on San Francisco Bay evolution during the

last 150 years. Anthropogenic activities in the San
Francisco Bay Coastal System have permanently
removed at least 200 million m> of sediment in the
last century from borrow pit mining (54 million

m?3), aggregate mining (26 million m3), and dredg-
ing (120 million m?) (USACE 1996; Friends of the
Estuary 1997; Chin and others 1997, 2004; Dallas
2009; Dallas and Barnard 2009). However, this is a
minimum estimate because not all records have been
compiled. For instance, records are missing from
1976 to 1996 for dredging and borrow pit mining
for the San Francisco waterfront, Alameda Air Base,
BART tunnel, and Oakland Airport, and other records
are incomplete. A majority of the sediment was
removed from Central Bay (52%), with lesser amounts
removed from the North Bay (28%), San Francisco
Bar (18%), and South Bay (2%). Grain sizes were

not recorded for most of the documented events,






