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Variations in Sacramento-San Joaquin River discharge into northern San 
Francisco Bay causes shifts in location of the bottom density current null 
zone. At a river flow of 2000 m8/s this null zone is approximately 20 k m  from 
the seaward end of the estuary, whereas at a river flow of IOO ms/s it is 80 km 
from the seaward end ; the corresponding distances of salinity penetration are 
approximately 40 and 90 k m  from the seaward end. Seaward of the null zone, 
during low (summer) river discharge conditions, the inward-flowing bottom 
density current appears typically strong (5-1 5 cm/s) relative to the outward- 
flowing river current (river discharge per unit cross-channel area) of 
< 2 cm/s. Landward from this null zone the average river current increases 
with decreasing cross-channel area. This circulation implies that during the 
summer water within the null zone has the longest average advective replace- 
ment time relative to water seaward or landward of the null zone. 

Introduction 

When measurements of currents in estuaries are averaged over one or more tidal cycles, the 
mean or residual flow is considered non-tidal. This flow may consist of density-, river- and 
wind-induced components. Because of the density difference between river and sea water in 
estuaries, there is a constant tendency of landward flow of sea water beneath the net seaward 
flow of the less dense, lower salinity surface water [Figure ~(a)]. At the river end of the 
estuary, however, the mean river flow is seaward at all depths. 

Therefore, at some area within the estuary-river system there exists a zone where the 
bottom density and the river currents have equal and opposite effects. This zone has been 
defined as the null zone where the mean near-bottom current speed is zero (e.g. Hansen, 

Two significant effects can be attributed to the presence of a null zone in estuaries: (I) 
it is typically the area of most rapid sediment accumulation (Simmons, 1955; Inglis & 
Allen, 1957) and; (2) highest concentrations of suspended particulate matter occur there 
(Glangeaud, 1938; Postma, 1967; Schubel, 1968; Meade, 1972). In addition to these two 
well documented effects we wish to suggest that a water column in the null zone experiences 
the longest advective replacement time. The prolonged advective replacement time, which 
is defined later, may affect the distributions of time-dependent properties such as viable 
planktonic organisms and consequently water chemistry. 

Few estuarine studies have investigated the position of the null zone relating to variations 
in river discharge. Landward movement of this zone with decreasing discharge has been 

1965). 
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noted in the Savannah River (Simmons, 1955), the Thames River (Inglis & Allen, 1957) and 
the Columbia River (Hansen, 1965) estuaries. In San Francisco Bay, the estuary of the 
Sacramento-San Joaquin Rivers (Figure 2), results of previous unpublished hydrographic 
investigations have emphasized tidal movements. Although the non-tidal and inward- 
flowing bottom density currents have been indicated as a major mechanism for the landward 
transport of salt in San Francisco Bay (Grimm, 1931), few estimates of these non-tidal 
currents are available (Conomos et al., 1971a, b). 
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Figure I .  (a) Schematic representation of net drift in vertical section through a 
river-estuarine system; arrow lengths indicate relative current strength. 
(b) Longitudinal variation of average river and density currents. 
(c) Combined influence of river and density currents results in a longitudinal 
variation in the average advective water-column replacement time. 
(d) Increasing river discharge diminishes water-column replacement time and 
shifts the null zone seaward. 

In this paper we briefly describe variations in the location of the density and river current 
null zone in the main channel of Northern San Francisco Bay relative to variations in river 
discharge, but we do not attempt to explain its geographic position. Particular emphasis is 
given to low-river-discharge conditions (summer) when the average speed of the river current 
(river discharge per unit cross-channel area) is small relative to the speed of the bottom 
density current. For this discussion we have used unpublished current velocity data from the 
U.S. Army Corps of Engineers. These measurements lack temporal and spatial detail, but 
they are the only data available suitable to define the change in location of the null zone with 
seasonal changes in river discharge. 

Methods 

Water velocity measurements were made at half-hourly intervals with Price type AA current 
meters (Carter & Anderson, 1963) at five depths and eight stations throughout the estuary 
(Figure 2) during a wide range of river discharges from 1956 to 1969 (Table I). The record 
lengths varied from 24 to 31 h. Because of a lack of more detailed and longer term current 
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measurements, mean monthly Sacramento-San Joaquin River discharge measurements were 
used to represent the river inflow conditions to San Francisco Bay during the current 
surveys. Salinity was determined at hourly intervals concurrent with the velocity measure- 
ments; mean profiles were constructed from these data. 

Figure 2. The San Francisco Bay system and environs showing locations of stations 
(1-8) where water velocity and salinity were measured. 

Estimates of the non-tidal velocities, which may contain wind-, river- and density-induced 
components, were obtained by harmonic analysis of velocities using the method of least- 
squares. Because the tides are of a mixed nature, a Fourier function containing 
diurnal (24.8-h period) and semi-diurnal (12-4-h period) harmonics was used. Only 
the constant, i.e. non-tidal, current component extracted by the harmonic analysis is 
discussed below. 
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Results 
Non-tidal current speeds and mean salinities for all available data are shown in Figure 3. 
The only possible estimate of the reproducibility of non-tidal currents for these records was 
made using the first 248 h and the last 24.8 h of velocity measurements taken over a 31-h 
period (i.e. a comparison with one-fifth non-overlapping measurements). The mean differ- 
ence between non-tidal currents estimated from these data (the 300 m3/s data in Figure 3) 
for five depths at six locations was 0.5 cm/s with a range of 1.8 cm/s. Assuming a fivefold 
(linear) extrapolation of the mean difference obtained using these one-fifth non-overlapping 
measurements, we consider the reproducibility of non-tidal current speeds to be about 
3 cm/s. This estimate of reproducibility cannot account for variations with periods longer 
than fractions of a day. Such variations caused by changes in river discharges or wind may be 
large (Bowden & Gilligan, 1967). In this paper, non-tidal currents less than 3 cm/s are 
considered weak and variable. 

TABLE I .  Dates of water velocity and salinity measurement and corresponding 
monthly mean Sacramento-San Joaquin River discharge to San Francisco Bay 
estuary . 

Stationsa Date Discharge 
(m”4 

I, 2, 3, 4, 5, 6 21--22 September 1956 300 

4, 5, 6, 7, 8 13-14 September 1967 400 
4, 6, 7, 8 28-29 March, 1968 1000 
6, 7, 8 27-28 August 1968 I 0 0  

I ,  2, 3,4, 5 13-14 February 1958 2300 

6, 8 12-14 May 1969 I 700 

‘Station locations indicated in Figure 2. 
*Data from U.S. Bureau of Reclamation, Sacramento, California. 

Non-tidal velocity profiles (Figure 3) show the expected seaward flow of low salinity water 
and landward flow of deeper high salinity water. During low river discharge conditions 
(100 m3/s), the non-tidal flow weakens to values approaching the 3 cm/s limit of uncertainty. 
The approximate position of the null zone varies from stations I and 2 for a river discharge 
of 2000 m3/s to stations 5 and 6 for discharges of 300 and 400 m3/s, a longitudinal shift of 
more than 40 km. 

The river current, which is defined as the river discharge divided by cross-channel area, 
typically exhibits large seasonal variation (Figure 4). During the high-river discharge 
(2300 m3/s) the estimated river current of about I to 3 cm/s at the seaward end of the estuary 
is similar to that 80 km landward during low-river discharge (100 m3/s). As an extreme 
example, during the 1862 flood, when the river discharge was estimated to exceed 
IOO ooo m3/s (Young, 1929) the river current at the Golden Gate would have exceeded 
IOO cm/s. 

In contrast to the expected large variations in river current (as much as two orders of 
magnitude), the variations in bottom density current have been observed to be much smaller. 
Maximum near-bottom non-tidal current speeds obtained here vary from 5 to 15 cm/s for 
river discharges varying from 300 to 1000 m3/s (Figure 3). These speeds are comparable to 
maximum bottom drifter speeds in San Francisco Bay of 6 cm/s (Conomos et al., 1971a, b) 
and to maximum non-tidal currents determined by current meter of 10 to 20 cm/s in the 
Mersey estuary (Bowden & Gilligan, 1971) and of about 10 cm/s in the James River estuary 
(Pritchard, 1967). 
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Discussion 
Location of the null zone 

The null zone migrates longitudinally in response to changes in river discharge (Figure 3). 
An explanation for this is that the null zone can be considered to be the area where the 
bottom density and river currents are equal and opposite. However, when the river current 
increases, the density current does not increase proportionally. 

STATIONS 
I 2 3 4 5 6 7 8 

Figure 3. Non-tidal currents and mean salinity at Stations I through 8 (Figure 2 )  
in San Francisco Bay estuary during different river discharge conditions. Profiles 
are from half-hourly velocity and hourly salinity measurements over a 24.8-h 
tidal cycle. The location of null zone is indicated by a solid line beneath the velocity 
profiles where the position is defined by the data and by a dashed line where it is 
inferred. Blank spaces indicate no measurements were taken. 

Because variations in river current are much greater than variations in density currents, the 
location of the null zone will be modulated predominantly by varying river discharge. The 
few data available show that the null zone will be located generally in areas of the estuary 
where the river current is in the order of a few cm/s (as opposed to tens of cm/s). For example, 
in Northern San Francisco Bay, during typical low discharge conditions (300 m3/s), the null 
zone was located more than 50 km landward from Golden Gate where the river current was 
about z cm/s (Figures 3 and 4). Throughout the season the river current just landward of the 
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null zone was between I and 9 cm/s (dashed lines, Figure 3). The null zone may have been 
seaward of Golden Gate during the flood of 1862 when the surface current at Golden Gate 
was not reversed by the rides for 10 days, and the surface water was entirely fresh (Young, 

1929). 
These observations in San Francisco Bay agree with the few other such data that are 

available. In the Thames River estuary, the estimated river current near the null zone during 
130 m3/s discharge (when the estuary could be characterized as mixed) was less than 3 cm/s 
(Inglis & Allen, 1957). Similarly in the Columbia River estuary during 4900 mS/s discharge 
(when the estuary could be characterized as stratified), the river current near the null zone 
was about 10 cm/s (Hansen, 1965). 

DISTANCE FROM GOLDEN GATE BRlDCE Ikini 

Figure 4. Distribution of cross-channel area and estimated river flow per unit 
cross-channel area with increasing distance from the seaward end of the estuary. 
Data for cross-channel area from Glenne & Selleck (1969). 

Thus the location of the null zone changes markedly, mainly in response to seasonal 
variations in river discharge. In the following we will discuss an important consequence of 
estuarine circulation, the relatively long advective replacement time of water parcels in the 
null zone. 

Water-column replacement time 

Methods of estimating the water replacement, residence, or flushing time of estuaries have 
been reviewed by Bowden (1967). Water-column replacement time is defined as the average 
time required for water to enter and leave the estuary. It is controlled by river discharge, 
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density current, tidal mixing and wind-induced currents. Advective water-column replace- 
ment time, z, as used in this paper, is the average time required for the water to flow 
through a unit length of the estuarine system, 

where I w I is the absolute value of the landward or seaward current speed, s the cross-channel 
area, w the depth-variable channel width, x the water depth, and the integration is performed 
from the bottom, b, to the surface, 0. This definition is not to be confused with the general 
definition of advective residence time for an estuarine system. It is used to illustrate varia- 
tions in the average, longitudinal, advective water flow within an estuarine system regardless 
of the direction of flow. 

The water-column replacement time in an idealized estuary can be considered to result 
from the combination of river and density current variations (Figure I). In this simple case, 
wind effects are absent (or can be considered to contribute primarily to turbulent processes); 
cross-channel variations in current speeds are removed by averaging; and cross-channel areas 
decrease in a landward direction. The river current (river discharge per unit cross-channel 
area) decreases in a seaward direction as the cross-channel area increases [Figure ~(b)],  while 
density currents decrease landward and ultimately vanish [Figure ~(c)]. These opposing 
flows produce an area of longest advective replacement time in the null zone [Figure ~(d)]. 

If a purely advective model (Figure I) is to illustrate meaningful properties of the estuary, 
then obviously the advective replacement rates must be large compared with diffusive rates. 
Estimates of the relative importance of these two processes require considerably more detail 
than given here (Bowden & Gilligan, 1971 ; Hansen & Rattray, 1966; Hansen, 1965). In  lieu 
of this detail, a number of observations are available which suggest that advection is import- 
ant to the null zone and to water replacement time. 

Longitudinal distribution of properties 

In the upper region of partly-mixed estuaries high concentrations of suspended particulate 
matter and rapid sediment accumulation rates are common (Glangeaud, 1938; Postma, 
1967; Schubel, 1968; Meade, 1972). This area is typically one of rapid sediment accumula- 
tion (Simmons, 1955 ; Inglis & Allen, 1957). The position of such concentrations of suspended 
particles (the turbidity maximum) in San Francisco Bay (Figures 5(a), 6; Figure 8 in Meade, 
1972; Conomos & Peterson, in press) correlates well with the null zone location. 

This maximum is composed of not only inorganic riverborne and resuspended sediments 
but also a biogeneous fraction which increases in relative abundance during the low discharge 
summer months [Figure 5(c) and (d)]. The biogeneous component is made up of phyto- 
plankton (McCarty et al., 1962; Storrs et al., 1963, 1964; Bain & McCarty, 1965; Peterson 
et al., in press) and zooplankton (Painter, 1966; Turner, 1966; Turner & Heubach, 1966; 
Heubach, 1969). Highest phytoplankton productivity is found in the turbidity maximum 
(Conomos & Peterson, in press; Peterson et al., in press). 

Sedimentologists have explained the presence of turbidity maxima by the advective 
transport which maintains particulate matter at the convergence of the landward flowing 
density current and the seaward-flowing near-bottom river current (Figure I ; Glangeaud, 
1938; Postma, 1967; Schubel, 1968; Meade, 1972). Also, this estuarine circulation cell has 
been cited as an important zooplankton transport mechanism and the null zone defines the 
landward extent of advective zooplankton penetration (Alexander et al., 193 I ,  1935 ; Rogers, 
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1940; Pritchard, 1953; Bousfield, 1955; Barlow, 1955; Hulbert, 1957; Pearcy & Richards, 
1962; Cronin et al., 1962; Bayly, 1965; Cronin & Mansueti, 1971; Massmann, 1971; 
Graham, 1972). Neither the increased concentration of inorganic suspended particulate 
matter or of plankton in the upper estuary can be explained by horizontal diffusive processes 
because such diffusion would tend to destroy a maximum. 
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Figure 5. Seasonal distribution of properties in the northern reach of San Francisco 
Bay, 1961-63. 
(a) Suspended particle abundance. 
(b) Suspended particle abundance in Sacramento River. 
(c) Salinity and turbidity maximum as determined by particle concentrations of a 
2-m depth; winter maxima composed predominantly of river-borne lithogenous 
particles; summer plankton maximum is the area of phytoplankton numbers greater 
than 1000 per ml. Approximate locations of null zone are indicated by solid black 
lines. Suspended particle and salinity data in estuary from Storrs et al., 1963, 1964. 
(d) Combined monthly-mean discharges of Sacramento and San Joaquin Rivers. 

This transport mechanism may not adequately explain why phytoplankton productivity is 
higher in the turbidity maximum than elsewhere in the estuary. The occurrence of longest 
water-column replacement times in the null zone permits the plankton population to increase 
its numbers by growth; and conversely, when the residence time of a water parcel is short 
relative to the time-scale of phytoplankton growth rates, the phytoplankton do not have 
sufficient time to increase their population size through reproduction. Hence, the longer 
water-column residence time, and possibly the particle convergence, would favour the 
development of large standing stocks of plankton in the upper estuary. It  has been observed, 
for example, that both the highest productivity and phytoplankton standing stocks are 
associated with the null zone in San Francisco Bay (Peterson et al., in press). 
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While many factors, both physical and biological, may be important to the development 
and maintenance of plankton distributions in estuaries, it must be emphasized that before 
variations in a plankton population can be attributed solely to physiological differences (i.e. 
growth rate effects controlled by salinity and temperature), the distributional effects due to 
variations in physical processes must be clarified (Ketchum, 1954; Barlow, 1955). TO our 
knowledge, only the studies of the Tees estuary by Alexander et al .  (1931, 1935) describe 
both the non-tidal circulation and plankton distribution in a river-null zone-estuary system. 

SALINITY (%"I 

Figure 6. Distribution of suspended particulate matter and phytoplankton relative 
to salinity, 19 June 1961 (Data from McCarty et al., 1962); monthly-mean Sacra- 
mento-San Joaquin River discharge is 120 ms/s. Dashed lines indicate approxi- 
mate salinities of null zone in Figure 3 during similar river discharge on 27-28 
August 1968. 

Acknowledgements 

We thank W. D. Johnston of the U.S. Army Corps of Engineers for making the unpublished 
velocity and salinity data available. The helpful criticisms of M. G. Gross, D. V. Hansen, and 
our colleagues of the U.S. Geological Survey are gratefully appreciated. 

References 

Alexander, W. B., Southgate, B. A. & Bassindale, R. 1931 Survey of the River Tees, I. Water Pollution 
Research Technical Report No. 2. Great Britain, Department of Scientific and Industrial Research. 

Alexander, W. B., Southgate, B. A. & Bassindale, R. 1935 Survey of the River Tees, 11. Water Pollution 
Research Technical Report No. 5. Great Britain, Department of Scientific and Industrial Research. 

Bain, R. C. & McCarty, J. C. 1965 Nutrient productivity studies in San Francisco Bay. Central Pac$c 
Basins Water Pollution Control Project Technical Report. U.S. Public Health Service, 65-1. 

Barlow, J. P. 1955 Physical and biological processes determining the distribution of zooplankton in a 
tidal estuary. Biology Bulletin 109, 211-225. 

Bayly, I. A. 1965 Ecological studies on the planktonic copepoda of the Brisbane River Estuary with 
special reference to Gladioferens pectinatus (Brady) (Calanoida). Australian Journal of Marine and 
Freshwater Research 16, 3 I 5-350. 

Bousfield, E. L. 1955 Ecological control of the occurrence of barnacles (Crustacea: Cirripedia) in the 
Miramichi estuary. Bulletin of the National Museum of Canada 137, 170. 



I 0  D. H .  Peterson et al. 

Bowden, K. F. 1967 Circulation and diffusion. In  Estuaries pp. 15-36 (Lauff, G. H., ed.) American 
Association for the Advancement of Science Publication 83. 

Bowden, K. F. & Gilligan, R. M. 1971 Characteristic features of estuarine circulation as represented 
in the Mersey estuary. Limnology and Oceanography 16,490-502. 

Carter, R. W. & Anderson, I. E. 1963 Accuracy of current-meter measurements. American Society of 
Civil EngineersJournal HY4 89, 105-1 15. 

Conomos, T. J., Peterson, D. H., McCulloch, D. S. & Carlson, P. R. 1971a Residual drift of near- 
bottom waters, San Francisco Bay estuary (abs.). American Geophysical Union Transactions 52,259. 

Conomos, T. J., McCulloch, D. S., Peterson, D. H. & Carlson, P. R. 1971b. Drift of surface and near- 
bottom waters of the San Francisco Bay system: March 1970 through April 1971. United States 
Geological Survey open-file map. 

Conomos, T. J. & Peterson, D. H. in press. Biological and chemical aspects of the San Francisco Bay 
turbidity maximum. Symposium International Relations Sedimentaires etre Estuaires et Plateaux 
Continentaux Institut de Geologie du Bassin d'aquitaire. 

Cronin, L. E., Daiber, J. C. & Hulbert, E. M. 1962 Quantitative seasonal aspects of zooplankton in the 
Delaware River estuary. Chesapeake Science 3,63-93. 

Cronin, L. E. & Mansueti, A. J. 1971 The biology of the estuary. In A symposium on the Biological 
Significance of Estuaries pp. 14-39 (Douglas, P. & Stroud, R., eds). Sport Fishing Institute, 
Washington, D.C. 

Glangeaud, L. 1938 Transport et sedimentation dans l'estuaire et a l'embouchure de la Gironde. 
Caracteres petrographiques des formation fluviatiles, saumatres, littorales, et neritiques. Bulletin 
de la Societe Geologique de France 8, 599-630. 

Glenne, G. & Selleck, R. E. 1969 Longitudinal estuarine diffusion in San Francisco Bay, California. 
Water Research 3, 1-20. 

Graham, J. J. 1972 Retention of larval herring within the Sheepscot estuary of Maine. Fishery Bulletin 

Grimm, C. I. 1931 Study of tidal currents and silt movements in the San Francisco Bay area with 
particular reference to the effect of a salt water barrier upon them. Unpublished report, United 
States Corps of Engineers, Appendix D to House Document 191, 71st Congress, 3rd Session. 

Hansen, D. V. 1965 Currents and mixing in the Columbia River Estuary. Ocean Science and Ocean 
Engineering Transactions Joint Conference Marine Technology Society pp. 943-955. American 
Society of Limnology and Oceanography. 

Hansen, D. V. & Rattray, M. Jr 1966 New dimensions in estuary classification. Limnology and Oceano- 

7% 299-305 * 

~. 

graphy XI, 319-326. 
Heubach, W. 1969 Neomysis awatschensis in the Sacramento-San Joaquin River estuary. Limnology and 

Oceanography 14, 533-546. 
Hulbert, E. M. 1957 The distribution of Neomysis americana in the estuary of the Delaware River. 

Limnology and Oceanography 2, 1-1 I. 
Inglis, C. & Allen, F. H. 1957 The regimen of the Thames estuary. Proceedings of the Institute of Civil 

Engineers (London) 7 ,  827-868. 
Ketchum, B. H. 1954 Relation between circulation and planktonic populations in estuaries. Ecology 35, 

191-200. 
Massmann, W. H. 1971 The significance of an estuary on the biology of aquatic organisms of the middle 

Atlantic region. In A Symposium on the Biological Significance of Estuaries pp. 96-109 (Douglas, P. 
& Stroud, R., eds). Sport Fishing Institute, Washington, D.C. 

McCarty, J. C., Wagner, R. A., Macomber, M., Harris, H. S., Stephenson, M. & Pearson, E. A. 1962 
An investigation of water and sediment quality and pollutional characteristics of three areas in San 
Francisco Bay 1960-61. Sanitary Engineering Research Laboratory, University of California, 
Berkeley, California. 571 pp. 

Meade, R. H. 1972 Transport and deposition of sediments in estuaries. In Environmental Framework of 
Coastal Plain Estuaries pp. 91-120 (Nelson, B. W., ed.) Geological Societyof AmericaMemoir 133. 

Painter, R. E. 1966 Zooplankton of San Pablo and Suisun Bays. State of California, Department of Fish 
and Game Fish Bulletin 133,18-39. 

Pearcy, W. G. & Richards, S. W. 1962 Distribution and ecology of fishes of the Mystic River estuary, 
Connecticut. Ecology 43,248-259. 

Peterson, D. H., Conomos, T. J., Broenkow, W. W. & Scrivani, E. P. In press. Processes controlling 
the dissolved silica distribution in San Francisco Bay. Proceedings of the Second International 
Estuarine Research Conference Estuarine Research Federation. 

Postma, H. 1967 Sediment transport and sedimentation in the estuarine environment. In Estuaries pp. 
158-179 (Lauff, G. H., ed.) American Association for the Advancement of Science Publication 83. 

Pritchard, D. W. 1953 Distribution of oyster larvae in relation to hydrographic conditions. Proceedings 
of the Gulf Caribbean Fisheries Institute 5th Session, 1952, pp. 123-132. 

Pritchard, D. W. 1967 Observations of circulation in coastal plain estuaries. In Estuaries, pp. 37-44 
(Lauff, G. H., ed.) American Association for the Advancement of Science Publication 83. 



Non-tidal current null zone location I 1  

Rogers, H. M. 1940 Occurrence and retention of plankton within the estuary. Journal of the Fisheries 

Schubel, J. R. 1968 Turbidity maximum of northern Chesapeake Bay. Science 161, 1013-1015. 
Simmons, H. B. 1955 Some effects of upland discharge on estuarine hydraulics. Proceedings of the 

American Society of Civil Engineers 81 (Separate 792). 
Storrs, P. N., Selleck, R. E. & Pearson, E. A. 1963 A comprehensive study of San Francisco Bay, 1961- 

62. Sanitary Engineering Research Laboratory, University of California, Berkeley, California. 
221 pp. 

Storrs, P. N., Selleck, R. E. & Pearson, E. A. 1964 A comprehensive study of San Francisco Bay, 
1962-63. Sanitary Engineering Research Laboratory, University of California, Berkeley, California. 

Turner, J. L. 1966 Seasonal distribution of crustacean plankters in the Sacramento-San Joaquin Delta. 
State of California, Department of Fish and Game, Fish Bulletin 133, 95-104. 

Turner, J. L. & Heubach, W. 1966 Distribution and concentration of Neomysis awatschensis in the 
Sacramento-San Joaquin Delta. State of California, Department of Fish and Game, Fish Bulletin 
133, 105-112. 

U.S. Army Corps of Engineers 1963 Comprehensive survey of San Francisco Bay and tributaries, 
California. Appendix H. Hydraulic model studies, Vol. I, 339 pp. United States Army Engineer 
District, San Francisco, California. 

Young, W. R. 1929 Report on salt water barrier below confluence of Sacramento and San Joaquin 
Rivers, California. State of California, Department of Public Works Bulletin 22, I, 667 pp. 

Research Board of Canada 5, 164-171. 

Printed in Great Britain by Henry Ling Ltd., at the Doset Press, Dorcherter, Dorret 




