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ABSTRACT 
In this paper we use numerical models of coupled biological-hydrody~~arnic processes to search for 

general principles of bloom regulation in estuarine waters. We address three questions: What are the 
dynamics of slratificalion in coasial systems a\ influenced by cariable freshwater input and tidal 
stirring'? How does phytoplankton growth respond to these dynamics? Can the classical Sverdrup 
Critical Depth Model (SCDM) be used to predict the tinling of bloom events in shallow coastal 
domains such as estuaries? 

We present results of simulation experiments which assume that vertical transport and net 
phytoplankton growth ratcs arc horizontally homogcncous. In the present approach the temporally 
and spatially varying turbulent diffusivities for various stratification scenarios are calculated using a 
hydrodynamic code that includes the Mellor-Yarnada 2.5 turbulence closure model. These difl'usivi- 
ties are then used in a time- and depth-dependent adcection-diffusion equation. incorporating sources 
and sinks, for the phytoplankton biomass. 

Our modeling resullj show that. whereas persistent stratification greatly increases the probability 
of a bloom. semidiurnal periodic stratification does not increase the likelihood of a phytoplankton 
bloom over that of a constantly unstratified water column. Thus, for phytoplankton blooms. the 
physical regime of periodic stratification is closer to complete mixing than to persistent stratification. 
Furthermore, the details of persistent stratification are important: surface layer depth, thickness of the 
pycnoclinc. vcrtical dcnsity difference. and tidal currcnt speed all weigh heavily in producing 
conditions which promote the onset of phytoplankton blooms. 

Our model results for shalloe. tidal systems do not conform to the classical concepts of 
stratification and blooms in deep pelagic systems. First. earlier studies (Riley. 1942, for example) 
suggest a monotonic increase in surface layer production as the surface layer shallows. Our model 
results suggest, however. a nonmonotonic relationship between phytoplankton population growth 
and surface layer depth. which results from a balance between several "competing" processes. 
including the interaction of sinking with turbulent mixing and average net growth occursing within 
the surface layer. Second, we show that the traditional SCDM must be refined for application to 
energetic shallow systems or for systems in which surface layer mixing is not strong enough to 
counteract thc sinking loss of phytoplankton. This need for refinement arise5 because of the leakage 
of phytoplankton from the surface layer by turbulent diffusion and sinking. procewes not considered 
in the classical SCDM. Our model shows that, even for low sinking rates and small turbulent 
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diffusivities, a significant percentage of the phytoplankton biomass produced in the surface layer can 
be lost by these processes. 

1 .  Introduction 

In some regions of the world's oceans phytoplankton dynamics are dominated by the 
spring bloom, a period of rapid population growth that often begins after the water column 
becomes thermally stratified. The spring bloom is a biological response to physical 
dynamics, and the mechanism is a discrete change in the balance between phytoplankton 
primary production and losses when a shallow mixing layer is formed above the seasonal 
thermocline. This mechanism of the spring bloom was formalized by Sverdrup (1953), 
who conceived the concept of the critical depth, above which total production is balanced 
exactly by phytoplankton losses (grazing and respiration). Sverdrup's Critical Depth 
Model (SCDM) predicts that the spring bloom begins when the depth of the surface mixed 
layer, Z,,,, becomes less than this critical depth, Z,, (Platt eta/ . ,  1991. explore the model in 
detail). Although there have been inconsistencies in the definition of Z,., and challenges to 
the underlying assun~ptions of the theory (Smetacek and Passow, 1990). predictions from 
SCDM are consistent with the timing of the spring blooms in the North Atlantic and 
westcrn North Pacific (Obata et al., 1996). Deviations between SCDM theory and 
observations in other regions of the ocean, such as the eastern North Pacific, have 
motivated research to explore additional mechanisms of bloom regulation such as iron 
limitation (Martin et a/., 1991). So, although Sverdrup's Critical Depth Model does not 
provide a global predictor of bloom dynamics, it has been a useful tool for interpreting 
phytoplankton population responses to changing physical dynamics in the upper ocean. 

Sverdrup's original problem was the seasonal development of phytoplankton biomass in 
the open ocean as a response to seasonal stratification by heat input. In shallow coastal 
waters, other mechanisms of physical variability can overwhelm the annual cycle of 
thermal stratification. For example, in estuaries and shallow shelf waters (regions of 
freshwater influence, Simpson et ml., 1991), salinity stratification can be a stronger 
stabilizing force than thermal stratification. However, even the stabilizing influence of 
freshwater inputs can be offset by the strong turbulent mixing of shallow waters by tidal 
currents and wind stress. As a result, shallow coastal systems have more complex 
stratification dynamics than the open ocean, with components of variability associated with 
seasonal and event-scale fluctuations of river flow as well as the semidiurnal and weekly 
fluctuations in tidal energy (Simpson et al., 1990). These shallow coastal systems also have 
more complex population dynamics of phytoplankton, with episodic and high-amplitude 
fluctuations of biomass superimposed onto seasonal cycles (Cloern, 1996). Although much 
of this biomass variability is correlated with fluctuations in stratification driven by the 
seasonal variability of river flow and hourly-daily variability of tidal stirring (Sinclair et 
al., 1981), we have not yet developed a general theory to define the physical conditions 
under which phytoplankton blooms can develop in shallow coastal waters. We ask here if 
the critical depth concept can be used to explain the association between stratification 
dynamics and bloom dynamics in shallow coastal systems such as estuaries. 
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This paper is the third in a series to explore the linkages between bloom dynamics and 
physical dynamics of shallow coastal waters. Our approach is to use an evolving numerical 
model of coupled biological-hydrodynamic processes to search for general principles of 
bloom regulation in estuarine waters. In the first paper (Cloern, 1991) we showed how 
phytoplankton population growth can change in reqponse to daily fluctuations in vertical 
mixing over the neap-spring cycle. In the second paper (Koseff et al., 1993) we showed the 
importance of hourly-scale fluctuations in mixing o~7er the semidiurnal tide cycle. and that 
stratification is a necessary condition for bloom inception in shallow (- 10 ni deep) waters 
where algal production is constrained by light availability and where losses can include 
rapid consumption by benthic invertebrates. In this paper. we extend this theoretical 
foundation to show how the details of salinity stratification influence the development of 
blooms. Blooms can arise from many different mechanisms. For example, in a certain class 
of systems (e.g. Georges Bank. see Franks and Chen, 1996) the presencc of fronts is very 
important for the occussence of phytoplankton blooms, whereas for other systems, such as 
Puget Sound (Winter er al., 1975), the York River estuary (Haas rt al.. 198 1). and the lower 
St. Lawrence estuary (Sinclair. 1978), blooms develop when the local balance between 
production and consumption processes is changed by the establishment of vertical density 
stratification. We therefore consider here only the importance of local processes of algal 
production-consumption-transport that can be included in the framework of a vertical 
one-dimensional model. In the next phase of our analysis we will consider the additional 
importance of advective processes by extending the model to include horizontal variability 
and transports. 

The marine domains considered here are very different physical systems from the deep 
pelagic domain originally considered by Sverdrup. In his exploration of the spring bloom 
in the Norwegian Sea. Sverdrup followed the weekly development of thermal stratification 
that forms surface layers tens to hundreds of meters deep. Here, we consider the hourly 
fluctuations of salinity stratification that forms surface layers shallower than ten meters in 
thickness. In Sverdrup's pelagic system, the primary mechanisms of phytoplankton loss 
were conceived to be respiration and zooplankton grazing. Here, we consider shallow 
pelagic systems strongly connected to the benthos, which is an additional (sometimes 
dominant) sink for phytoplankton production. Additionally, the portion of the water 
column which Sverdrup studied was much less turbid than the shallow systems we are 
considering. Thus, the values of Z,, associated with the system we are studying are 
generally much smaller than those of Sverdrup. Therefore, our search for principles of 
bloom regulation in estuaries must consider additional processes as well as physical 
dynamics operating at different spatial and temporal scales from those originally conceived 
by Sverdrup. With this framework in mind. we designed model experiments to address the 
following questions: (1) What are the dynamics of stratification in coastal systems as 
influenced by variable freshwater inputs and tidal stirring? (2) How does phytoplankton 
population growth respond to these stratification dynamics? Is there a simple monotonic 
relation between population growth and the depth of the mixed layer, as suggested by Riley 



(1942)? (3) Can the critical depth criterion (bloom? occur whenever Z,,,/Z,, < I ) be used to 
predict the timing of bloom events in estuaries? 

2. The Physical system 

LI. Stratz: f i~~tio~? in estitaries 

It is wcll known that the stabilizing effect of density stratification has a profound 
influence on vertical mixing rates and thus on phytoplankton bloom dynamics (Cloern, 
1991: Koseff et crl., 1993; Cloern, 1996). Hence, in shallow coastal waters where 
stratification often results from interactions between buoyancy inputs from rivers and 
turbulent mixing associated with tides. winds. and density-driven flows, the formation of 
stratification is one means by which variations in physical forcing can influence biology 
(OSficer, 1976). The precise mechanisms of stratification development, as well as the 
strength of stratification, tiowever, can vary from system to system. For example. in fjords 
such as Puget Sound or salt wedges such as the Mississippi Kiver, mixing is relatively 
weak, allowing strong, permanent stratification to develop. In these flows, local salinity 
and velocity fields can be controlled hydraulically much in the way open channel flows are 
controlled by weirs (Armi and Farmer, 1986). In partially mixed estuaries, however, 
mixing is strong and vertical stratification is weak or nonexistent, with horizontal density 
gradients dominating trends in density variation (Offices, 1976). In their dynamically based 
classification scheme for estuaries, Jay and Smith (1990a) refer to these as partially 
stratified estuaries, reflecting the significance of even weak stratification. This partially 
mixedlstratified estuary best describes the shallow, strongly tidally mixed system consid- 
ered here. 

Simpson et al. (1990) have described and analyzed an important stratification mecha- 
nism, known as Strain Induced Periodic Stratification (SIPS), for partially mixedlstratified 
estuaries whcre a longitudinal salinity gradient exists between the ocean and the freshwater 
source. Their description is as follows and is sketched in Figure 1. Assume we start with a 
homogeneous water column at the start of the flooding tide (Fig. la). During the flood tide 
(Fig. lb), salty water is carried over fresher water by the vertically sheared tidal current, 
producing unstable stratification and thus inducing vertical mixing. In this case, the vertical 
shear in the horizontal current is due only to the presence of the bottom boundary layer. 
However, on the ebb (Fig. lc), stable stratification develops when the sheared tidal current 
carries fresher water over salty water. This stratification reduces the vertical mixing of 
momentum and increases the velocity shear (Monismith and Fong. 1996), further increas- 
ing the rate of stratification production (Jay and Musiak, 1996; Nepf and Geyer, 1996). 

Depending on the strength of the tidal currents, turbulent mixing can eliminate the 
stratification before the end of the ebb, or the water column can remain stratified into the 
next flood tide. This process can be periodic on longer time scales, with the stratification 
strengthening during neap tides and weakening during spring tides (Simpson e ta / . ,  1990: 
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Figure 1. Schematic of SlPS mechanism: (a) assume at low slack, isohalines are vertical (vertically 
well mixed): (b) on flood. unstable stratification (and imminent mixing) may occur; (c) on ebb, 
shear strains salinity field, stabilizing water column (after Simpson e ta / . ,  1990). 

Nunes Vaz and Simpson. 1994). A sample of this process is seen in Figure 2, a plot of 
Spring 1995 data for South San Francisco Bay (Friebel et al., 1996). In this figure, the 
salinity difference between sensors located at mid-depth and near-bottom of the 15 m deep 
water column is plotted as a function of time for a station near the San Mateo Bridge. The 
predicted daily maximum tidal current speed for a station near the San Mateo Bridge is 
plotted as well (Cheng and Gartner, 1985). The vertical salinity difference displays a 
semidiurnal oscillation throughout the record. indicating the presence of tidal straining 
(SIPS). In addition, during the neap tides (when the daily maximum current speed is 
relatively low), the stratification does not break down completely on the semidiurnal 
timescale but, rather, persists for a number of days. Similar observations have been made in 
other estuaries, notably the York (Sharples et al., 1994), Columbia (Jay and Smith, 1990b), 
Hudson (Nepf and Geyer, 1996), Spencer Gulf (Nunes Vaz et ul., 19891, and the Tamar 
(Uncles and Stephens, 1990). Evidently, SlPS is a common feature of a large class of 
estuaries. 
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Figure 2. Vertical salinity difference (Friebel eta]. ,  1996) and maximum tidal current speed (Cheng 
and Gartner, 1985) at San hlateo Bridge, south San Francisco Bay, Spring 1995. Salinity data were 
measured by ill situ instruments; the cui-rent speeds were calculated by a tidal prediction program 
which uses harmonic constants derived from field data. 

Monismith et a/ .  (1996) argued that the SIPS condition only occur\ in a one-dimensional 
channel when 

where Ri, is a stability parameter: g is gravitational acceleration; dpldx  is the longitudinal 
density gradient [kg/(m3 -m)] (assumed to be constant over the flow depth and in time); H 
is the depth of the channel: U,,,,, is the maximum tidal velocity on the surface; CD is the 
bottom drag coefficient; and p,, is the reference density. This condition is based upon the 
assumption of a local one-dimensional balance of salinity and momentum (i.e., replacing 
the estuary with a fictional one-dimensional channel), and is supported by modeling (using 
the methods and code described below) and salinity data from northern San Francisco Bay. 

When Ri, is greater than about 1, the stratification strengthens each tidal cycle, a 










































































