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Episodic changes in lateral transport and phytoplankton 
distribution in South San Francisco Hay 

Abstract-Observations in South San Francis- 
co Bay during 1982 showed that substantial cross- 
channel, nontidal flows accompanied episodic in- 
creases in the longitudinal, nontidal flows. Along 
the channel the nontidal circulation was en- 
hanced during the monthly minima in tidal en- 
ergy or as a result of wind forcing, producing up- 
estuary flows 2-3 times greater than normal. These 
longitudinal pulses modified the horizontal and 
vertical salinity distributions and generated cross- 
channel flows of up to 0.07 m s-] that persisted 
for several days. 'l'he increased lateral flows were 
directed to the west and may explain the large 
fluctuations in phytoplankton biomass observed 
over the broad eastern shoal during spring. 

Estuaries are environments of extreme 
spatial variability. This variability has been 
well characterized along the longitudinal axis 
due to the importance ofriver-ocean mixing 
in the distribution of dissolved and partic- 
ulate constituents. In broad coastal plain 
estuaries and embayrnents having sharp 
bathymetric transitions, however, variabil- 
ity transverse to the longitudinal axis can 
equal that in the longitudinal dimension (e.g. 
Malone et al. 1986). Hence, in these systems 
the characterization of spatial variability re- 
quires sampling in all three dimensions and, 
more importantly, requires knowledge of 
processes that generate spatial patterns in 
three dimensions. Spatial distributions of 
nonconservative constituents, such as phy- 
toplankton, result from the balance between 
local kinetics (rates of production and con- 
sunlption) and transport processes. Here we 
present observations made in the South San 
Francisco Bay estuary during spring 1982, 
when the circulation pattern (transport) 
changed markedly over short times. Epi- 
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sodic departures from the niean circulation 
coincided with large-scale redistributions of 
phytoplankton biomass, suggesting a mech- 
anism through which physical processes can 
determine spatial distributions in estuaries. 

The southern section of San Francisco Bay 
(South Bay) is a wide coastal plain estuary. 
There is a broad, deep basin at the entrance, 
but to the south a single deep channel (10- 
15-m depth) runs the length of the estuary 
(Fig. 1). The transverse San Bruno Shoal 
forms a sill in the channel between the 
northern and central parts of the estuary. 
Bordering the channel are extensive shoals 
(<3-m depth) that occupy 40% of the area 
of South Bay. Tidal currents are predorni- 
nantly semidiurnal and have typical speeds 
of 0.5 m s-' along the channel, increasing 
to > 1.0 m s-' at spring tides; across the 
shoals these speeds are reduced (Cheng and 
Gartner 1985). Although little is known of 
the nontidal circulation across the shoals, 
flows along the channel are highly variable 
in both magnitude and direction as a result 
of hydrologic, tidal, and meteorological 
forcings (Walters 1982; Walters et al. 1985). 
Phytoplankton biomass is greatest during 
spring (Cloern et al. 1985). In the channel, 
blooms occur in response to increased strat- 
ification, which usually occurs during pro- 
longed neap tides in March or April. Phy- 
toplankton biomass also increases over the 
lateral shoals where the water column re- 
mains vertically well mixed, but connec- 
tions between the channel and shoal blooms 
are poorly understood. 

Throughout 1982, data were collected at 
a series of stations located along the main 
channel and across the broad eastern shoal 
(see Fig. I) to characterize horizontal and 
vertical distributions of salinity and phy- 
toplankton biomass. Sampling occurred 
every 3-7 d from midJanuary to the end 
of June, and about every 2 weeks thereafter. 
Separate vessels were used to sample con- 
currently along the channel and across the 
shoal. Data collection took -4-5 h each day 
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and occurred at varying phases of the tide. 
Intratidal variability was measured on 16 
April (neap tide) and 27 April (spring tide), 
when each station was sampled repeatedly 
over the tidal cycle. 

At each station in the channel, measure- 
ments of salinity, temperature, and in vivo 
fluorescence were made at the surface, bot- 
tom, and at selected intermediate depths. 
Water was pumped from depth to an in- 
ductive salinometer (Scheme1 and Dedini 
1979) and Turner Designs model 10 fluo- 
rometer. Over the shoals, salinity and tem- 
perature were measured with a handheld 
Beckman RS35 inductive salinometer. Sa- 
linity values were calibrated with bottle 
samples that were taken randomly along the 
salinity gradient and analyzed in the labo- 
ratory with a Beckman RS7-B salinometer. 
Surface and near-bottom water samples were 
collected at all shoal stations for determi- 
nation of in vivo fluorescence. 'The fluorom- 
eters were calibrated on each cruise by mea- 
suring Chl a concentration in selected water 
samples with the methods of Strickland and 
Parsons (1 972) and Riemann (1 978). 

Here we consider only data collected dur- 
ing the highly dynamic spring period (Feb- 
ruary-May). During that time, as part of an 
ongoing study to examine tidal and residual 
flows, current meters (Endeco 174) were de- 
ployed for varying intervals at two stations 
in the main channel (Fig. 1). Meters were 
positioned at 2.0 and 5.4 m below MLLW 
at station GS27 (mean water depth, 8 m) 
and at 3.0 and 6.3 m below MLLW at sta- 
tion GS28 (mean water depth, 9 m). These 
instruments record average speed and in- 
stantaneous values of direction every 2 min 
(Cartner and Walters 1986). The current- 
meter records were vector averaged to ob- 
tain hourly values, decomposed into their 
along- and across-channel directions, and 
low-pass filtered (Godin 1972). 

Despite discontinuities in the current- 
meter records, the along-channel, or longi- 
tudinal, component of the nontidal flow in- 
dicates that a weak gravitational circulation 
occurred throughout spring, with mean 
speeds of ~0.05 m s-' (Fig. 2a,b). On three 
occasions, however, there were large depar- 
tures from this mean flow pattern. For a 
period of ~ 1 week starting on 13 February, 

Fig. 1 .  Map of South San Francisco Bay (South 
Bay) showing the hydrographic and current-meter sta- 
tions, February-May 1982. SFO-San Francisco Air- 
port. 

up-estuary flow, with speeds of up to 0.12 
m s-', was recorded at all the current meters, 
disrupting the normal two-layered circula- 
tion. It was followed by a period of down- 
estuary flow. Similar up-estuary flow pulses 
occurred on 16-1 8 March (at GS27) and on 
4-1 1 April (at GS28). Commencing on 14 
April there was very strong down-estuary 
flow, which attained speeds of 0.20 m ssL 
on 18 April. 

These departures from the mean nontidal 
circulation in February and March occurred 
at the time of the monthly minima in tidal 
energy (Fig. 2d). The magnitude of density- 
driven, nontidal circulation is inversely 
proportional to the vertical eddy viscosity 
and is therefore greatest during neap tides 
(Officer 1976). In South Bay, near the equi- 
nox, this effect is amplified by the coinci- 
dence of tropic and neap tides, resulting in 
a large diurnal inequality and thus a pro- 
longed period of low tidal velocities. Similar 
large increases in the gravitational circula- 
tion at neap tides occur in Puget Sound 
(Geyer and Cannon 1 982). 

During April the tidally driven flow pat- 
terns were disrupted by strong northerly di- 
rected winds. As Weisberg (1 976) showed 
in the Providence River, a compensating 



474 Notes 

Station GS27 

. . ... 

> o f - -  -- 
-10 

Station GS28 

FEB. 1 MARCH I APRIL 1 MAY 
1982 

Fig. 2. a,b. Low-pass filtered, along-channel (U, 
positive up-estuary) and across-channel (V, positive to 
the east) velocities at stations GS27 and GS28 between 
February and May 1982. Station locations shown in 
Fig. 1 .  All speeds in cm s-I. Arrows mark periods of 
increased up-estuary and westerly flows. c. Daily mean 
winds at San Francisco Airport. Directions rotated to 
oceanographic convention. d. Tidal energy calculated 
with predicted maximal tidal speed, U, at the Golden 
Gate (NOAA Tide Tables) and depth H = 10 rn. 

bottom return flow will occur in response 
to axial winds. For the period February 
through May 1982, strong (i.e. > 5.1 m s-I, 
and thus in the upper quartile for the sam- 
pling period; Tukey 1977) northerly direct- 
ed winds occurred on 15 February and be- 
tween 30 March and 2 April (Fig. 2c). Thus 
we infer that the up-estuary (i.e. southerly) 
flow in early April was wind forced. The 
large down-estuary flow between 14 and 19 
April followed a very high freshwater dis- 

charge from the Sacramento-San Joaquin 
Rivers into the mainstem of San Francisco 
Bay on 13 April (6,500 m3 s-I; mean spring 
discharge for 1982 was 3,000 m3 s-I). 

The lateral, nontidal flows showed simi- 
lar episodic variations in magnitude and di- 
rection. Mean speed of the cross-channel 
flows was 0.01 5 m s-I, and they were gen- 
erally directed to the east. On several oc- 
casions, however, there were strong pulses 
of westerly flow, with speeds between 0.05 
and 0.10 m s-I - 3-6 times greater than the 
mean (Fig. 2a,b). Utilizing the techniques 
of exploratory data analysis (Tukey 1977), 
we consider that flows are significant if they 
lie in the upper quartile for the sampling 
period. Analysis of the current-meter rec- 
ords showed that periods of significant 
(>0.02 m s-') westerly flows occurred be- 
tween 15 and 2 1 February (GS27 and GS28), 
16 and 1 7 March (GS27), and 3 and 10 April 
(GS28). These flow events closely corre- 
sponded to the enhanced up-estuary flows. 
The down-estuary flow event in mid-April, 
despite its magnitude, did not affect the lat- 
eral flows at station GS28. 

On time scales of a week or less, there was 
marked variation in the degree of stratifi- 
cation along the channel and the strength of 
the horizontal salinity gradient across the 
eastern shoal. Although our hydrographic 
data were collected at varying phases of the 
tide, results of tidal cycle studies during 1987 
(Cloern et al. 1989) and 1982 demonstrate 
that these differences in salinity distribution 
were not the result of intratidal variability. 
The strongest stratification along the chan- 
nel recurred monthly -on 19 February, 19 
March, and 19 April, several days after the 
monthly minima in tidal energy (Fig. 2d). 
In February, March, and early April, strat- 
ification increased rapidly in conjunction 
with the enhanced up-estuary, nontidal flows 
(Pig. 3). During winter and spring, when the 
SacramenteSan Joaquin River flow is large, 
low-salinity water may enter the mouth of 
South Bay and reverse the surface salinity 
gradient down-estuary from the San Bruno 
Shoal. During 1982 this reversal was evi- 
dent on l 9 February, l 9 March, and 16 April 
(Fig. 3). On all occasions the stratification 
decayed within 5 d. 

Surface salinities in South Bay ranged be- 
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Fig. 3. Changes in the salinity distribution along the channel in South Bay during February, March, and 
April 1982. Arrows represent the direction and magnitude of nontidal flows on each date. 

tween 1 1 and 2 3 % ~ ~  with minimal salinities 
to the south and east (Fig. 4). 'I his salinity 
distribution is typical (Conomos et al. 1985; 
Powell et al. 1989) and reflects the local 
sources of freshwater (Alameda and Coyote 
Creeks, Fig. I). Note that at the time of the 
very large freshwater intrusion at the estu- 
ary mouth (1 6 April), the horizontal salinity 
gradient across the eastern shoal was com- 
pletely reversed, with more dense water 
trapped against the eastern shore; within 1 
week however, the lateral gradient had re- 
turned to normal (Fig. 4). Horizontal gra- 
dients in the lateral direction were frequent- 
ly as great as in the longitudinal. Isohalines 
were usually aligned oblique to the channel, 
but they rotated to a more northerly, or 
along-estuary, orientation during the up-es- 
tuary flow events of 16 February, 16 March, 
and 5-1 2 April (Fig. 4). This change in ori- 
entation suggests a down-estuary flow along 
the eastern shoal in response to the up-es- 
tuary flow in the channel. 

The distribution of phytoplankton bio- 
mass (measured as Chl a ;  see Wienke and 
Cloern 1987) was highly dynamic during 
this ~er iod .  In the channel. Chl a concen- 
tration was < 5  mg n1r3 until the onset of ~ - ~ ~ , 

the annual bloom in mid-April, when chlo- 
rophyll concentration in the surface layer 
was 10-1 5 mg m-3. Chlorophyll concentra- 
tions over the eastern shoals were consis- 
tently higher than in the channel, attaining 
values up to 60 mg  IT-^ and exhibiting large- 
amplitude variations over 1-2 weeks. Four 
distinct "events" (three of which are shown 
in Fig. 5) were evident over the eastern shoal, 
each characterized by a rapid increase in 
biomass followed by an abrupt decline. 
Large redistributions of phytoplankton bio- 
mass occurred during each event. Phyto- 
plankton biomass on 8 February was high 
across the eastern shoal with a strong hor- 
izontal gradient in chlorophyll between the 
shoals and the channel (Fig. 5). Between 8 
and 16 February, however, biomass de- 
clined over the shoals, and by 23 February 
biomass was uniformly low (< 10 mg m-3 
Chl a) across the sampling grid. Remarka- 
bly similar sequences occurred from 2 to 16 
March and from 26 March to 5 April. 

Data presented here show that during 
spring 1982 there were episodic increases in 
the nontidal flows both along and across the 
channel. In February and March the up- 
estuarv flow ~u lses  reflected an increase in 
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Fig. 4. Changes in the horizontal distribution of near-surface salinity in South Bay during February, March, 
and April 1982. 

the gravitational circulation at neap tides, 
whereas in April the up-estuary flow was 
driven by winds and then followed by a large 
down-estuary flow associated with extreme 
rainfall. Studies of variability in the nontid- 
a1 currents of other estuaries have focused 
on these longitudinal flows. In South Bay, 
however, changes in the direction and mag- 
nitude of the lateral, or cross-channel, flows 
accompanied changes in the longitudinal 
flow. Nontidal, lateral transports in estu- 
aries can be the result of geomorphological 
variability such as channel bends, varying 
bathymetry or tributary rivers (Dyer 1977), 
persistent lateral density gradients (Doyle 
and Wilson 1978), or cross-estuary winds 
(Boicourt 1982). Abrupt temporal changes 
in cross-channel flows can be induced by 

changes in the cross-estuary wind forcing or 
the lateral density gradient. As neither of 
these conditions pertain to the events ob- 
served in South Bay, the generation mech- 
anism of these lateral flow pulses is uncer- 
tain. These events clearly demonstrate 
nonetheless the three-dimensional nature of 
estuarine flows and the magnitude of event- 
scale departures from the mean circulation. 

The potential for episodic changes in the 
lateral, as well as longitudinal, nontidal flows 
has implications for the distribution of sus- 
pended and dissolved materials across an 
estuary. In South Bay during 1982, the three 
periods of rapid phytoplankton depletion 
over the shoals coincided with the periods 
of increased up-estuary and westerly di- 
rected cross-channel flows. This coinci- 
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Fig. 5. Changes in the hori~ontal distribution of phytoplankton biomass (near-surface Chl a concentration, 
mg m-?) in South Bay around the times of the longitudinal and lateral pulsed flow events. Near-surface and 
near-bottom Chl concentrations were similar over the eastern shallows. 

dence suggests that when nontidal circula- 
tion is weak and directed to the east, 
phytoplankton biomass can accumulate over 
the eastern shallows (Powell et al. 1988 pro- 
pose an alternative explanation). During the 
episodic pulses, cross-channel flows reverse 
and accelerate (to speeds of 0.07 m s-I), and 
down-estuary flows may be induced along 
the shoals. Both these flows can transport 
phytoplankton biomass off the shallows into 
the deeper channel, either to the west or 
north, at rates faster than population growth 
(0.3-1 d-I) can resupply (Alpine and Cloern 
1988). 

These observations from South San Fran- 
cisco Bay suggest several conclusions that 
may apply to other coastal plain estuaries. 

First, a background pattern of weak, non- 
tidal circulation can be disrupted, at the 
event scale, by tidal, meteorological, or hy- 
drologic forcings. Such events may be char- 
acterized by strong coherence between en- 
hanced flows in longitudinal and lateral 
directions. Second, these episodes of en- 
hanced flow can be associated with rapid 
redistributions of phytoplankton biomass. 
Thus local biological processes (growth, 
grazing) can dominate distributions (and 
create large lateral gradients) during periods 
of weak circulation, but advective transport 
can dominate during episodes of enhanced 
circulation. Malone et al. (1986) dernon- 
strated similar connections between lateral 
transports and phytoplankton distribution 
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across upper Chesapeake Bay. Finally, these 
conclusions apply to other constituents, such 
as planktonic larvae, nutrients, or suspend- 
ed sediments, which also can have large hor- 
izontal gradients in estuaries. 

As a final comment, we note that 1982 
was a year of extremely high precipitation 
and river flow. The sequence of events pre- 
sented here (e.g. pulsed nontidal flows, large 
redistributions of phytoplankton biomass) 
did not occur during 1987, a year of ex- 
tremely low precipitation and river flow 
when vertical and horizontal density gra- 
dients were small (Powell et al. 1989). 
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