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CONTROL OF SALINITY IN AN ESTUARY 
BY A TRANSITION 1 

BY 
HENRY STOMMEL AND HARLOW G. FARMER 

Woods Hole Oceanographic lnstitutirm 
Woods Hole, Massachusetts 

ABSTRACT 
A theoretical reason is developed to explain why the mouth of a vertically stratified 

estuary should act as a constraint on the amount of salt water available for mixing 
in the estuary. Flume experiments designed to test this idea are described. The 
effect of tides on the control action and application to various estuaries is discussed. 

THEORY 

There is a curious way in which a control2 acts to limit the possible 
amount of mixture. Consider an estuary E (Fig. 1) opening into the 
ocean O (without tides) through a transition T. If the entire system 
is sufficiently deep, and if the discharge (q0 per unit width of the 
transition) of the river R is not too great, there is a two layer flow 
through the transition. If there is no mixing between the two fluids, 
then the lower layer is stagnant and the upper layer at T is entirely 
fresh. 

Suppose that some agency for vertical mixing of the two layers 
exists in the estuary E and that the amount of mixing is progressively 
increased. The upper layer is now somewhat brackish, the discharge 
of both layers through T is increased, and the interface is nearer to the 
mid-depth. Increased mixing in E decreases the salinity difference of 
the two layers at T and increases the discharge; but there is a point 
beyond which increased mixing has no further effect on either the 
discharges through or the salinities at T. 

It is natural to suppose that some estuaries will be overmixed in 
this sense and that the salinity control will be exercised by the nature 
of the transition rather than by diffusion, whether it be horizontal, 
vertical, or otherwise. 

The criterion for "overmixing" can be obtained from the 1::quation 
for a stationary interfacial wave, 

1 Contribution No. 587 of the Woods Hole Oceanographic Institution; work done 
in this paper was supported by public funds made available by the Office of Naval 
Research. 

2 The notation and theory is a continuation of an earlier paper in this Journal 
(Stommel and Farmer, 1952). 
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Figure 1. Schematic diagram of an estuary, E. connecting the river, R , to the ocean, 0, 
through a transition in width, T. 
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(1) 

from the equation of continuity, 

qi+ q2 = qo, (2) 

and from the equation for the conservation of salt, 

q1S1 + q2S2 = 0 . (3) 

To relate salinity and density we may take a simplified equation of 
state 

P = Po (1 + as) . 
Thus 

(4) 

(5) 

The equation (1) may now be written in the following form: 

where 
ip(77) = 112773 + (1 - 77)3 - (1 - 11)3773(1 - 77)35'-l = 0' (6) 

This is an approximation of equation (1). 
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The real roots of q,(71) = 0 between 71 = O and 71 = 1 cease to exist 
as v--+l, and this point determines the state of overmixing. The 
value of 1/ at which there is a double root occurs when 

iJ<f, 
- = 0 = 3 {v 2712 

- (1 - 71)2 - (1 -v) 3 (1-71)2 712 (1 - 271) \Y-1 ). (7) 
iJy 

If we multiply equation (7) by 71 and substract from (6) we obtain 

(1 - v) 3714 = ff'. (8) 

Elimination of v gives the following form 

(9) 

As ff'--+0, 71----+ l/2. This means that, for weak river flows in estuaries 
with large transitions, the overmixing leads to an interface at half 
depth. In order to investigate approximately the effect of ff'>O we 
introduce £ = 1/ - 1/2; £ is a small quantity as long as ff' is small. 
Substituting this into equation (9) and retaining only the large terms, 
we obtain 

256£3 - ff' (1 + 16£) = 0 . (10) 

Fo, small values of ff' the roots of this expression are approximately 

(11) 

In states of overmixing we can thus evaluate at wh' t values of ff' the 
quantity 1/ deviates significantly from 1/2. The ravio of salinities of 
the upper and lower layers, v, is given by 

V = 1 - ~ff'/1/4 • (12) 

EXPERIMENTAL STUDIES IN A FLUME 
The experimental flume used in this work has been described else-

where (Stommel and Farmer, 1952) . Vigorous mixing was produced 
by large rotary beaters. 

Two sets of runs were made past a transition to test the theory of 
overm1xmg. The transition was a short narrow section of width W,, 
the channel opening to full width both upstream and downstream. 
The length of the narrow section was 42 cm in series G, and 100 cm in 
series H. In all runs the total depth D was 31.5 cm; qo is the river 
discharge per unit width of the transition, po the density of river dis-
charge, p1 the density of the overmixture, and P2 the density of the 
sea water. vis defined as 

Pl - Po 
V =---

P2 - Po 
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Figure 2. Comparison of observed values of• and computed value. The meaning of the 
different points is explained in the text. 

and vc is computed from the theory. The data are plotted in Fig. 2: 
the circles are G runs, the triangles are H series, and the square is the 
only run (G-6) where i is of sensible order of magnitude. 

Four tests were also made with a tide imposed on the overmixed 
condition; Fig. 3 shows the results of these experiments. In test 2, 
with the two-minute tidal period, and in test 3, the sea water of density 
P2 was swept out of the transition for a portion of the tidal cycle and 
there was a reversal of flow in the upper layer. It is evident that 
serious disagreement in p1 of the steady and unsteady tests was not 
experienced until test 4. In this test the surface profile was distorted 
by a bore and there was no vertical stratification. 
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TABLE I. 0VERMIXJNG EXPERIMENTAL RUNS 

q, w. 
Run (cm2/sec) (cm) Po Pl P2 I' ... 
G-1 43.5 8.7 1.0170 1.0213 1.0259 .48 .50 

-3 14.5 8.7 1.0170 1.0233 1.0259 . 71 .77 
-4 14.5 8 .7 1.0000 1. 0214 1.0259 .81 .82 
- 5 1.5 8.7 1.0000 1.0243 1.0259 .94 .95 
-6 145.0 8 .7 1.0000 1.0097 1.0259 .37 .36 
- 7 0.7 17.7 1.0000 1.0247 1.0259 .93 .97 
-8 7.1 17.7 1.0000 1.0229 1.0255 .86 .90 
- 9 43.0 17.7 1.0000 1.0171 1.0255 .66 .67 
- 10 7 .1 17.7 1.0170 1.0239 1.0255 .78 .85 
-11 43.0 17.7 1.0170 1. 0212 1.0255 .50 .52 

H- 1 0 .7 17.5 1.0000 1.0240 1.0248 .97 .97 
-2 7.1 17.5 1.0000 1.0221 1.0248 .88 .90 
-3 71.0 17.5 1.0000 1.0140 1.0248 .56 .57 
-4 0.5 27.8 1.0000 1.0248 1.0250 .99 .98 
- 5 4 .6 27.2 1.0000 1.0230 1.0250 .92 .92 
-6 46.0 27.2 1.0000 1.0160 1.0250 .64 .65 

OVERMIXING IN ESTUARIES 

The only type of estuary to which the concept of overmixing can 
properly be applied is that in which there is vertical stratification and 
in which there is evidence of a net flow (averaged over a tidal cycle) 
downstream in the upper layer and a net flow upstream in the bottom 
layer. It is important not to attempt to apply this hydraulic condi-
tion to vertically mixed estuaries, such as the Raritan River, Delaware 
Bay, Bristol Channel-Severn estuary, where there appears to be no 
hydraulic control action at the mouth. 

Not all vertically stratified estuaries are likely to be overmixed. 
Rather obvious examples are Alberni Inlet, which is too deep to be 
thoroughly mixed by tides, and the Mississippi River passes, in which 
the tidal action is too small. However, in estuaries where there are 
tides of several feet or more and where the depth is not more than 
about ten meters, it is reasonable to suppose that overmixing may 
occur; that is, the salinity of the estuary upstream of a transition is 
determined by the control or "throttling" action of the transit i on on 
the two layer flow through it, not by the magnitude of large scale 
horizontal turbulent exchange in the sense of Ketchum (1951) and 
Arons and Stommel (1951). 

Hachey (1939) has summarized the data available on the salinity of 
the upper layer in St. John Harbor (New Brunswick, Canada). In 
Fig. 4 the difference in salinity of the upper and lower layers is plotted 
as a function of river discharge. The straight line is computed from 
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Figure 3. Experimenta l tests on the influ ence of tides on overmixing, X's refer to tides 
of 6-minute period and O's refer to tides of 2-minute period. The solid straight- lin es indi-
cate the observed pi without t he influence of tides. Data: p2 = L0237; po = L000\J; q, = 7.1 
cm'/sec (test I ); and 3.5 cm2/sec (t ests 2, 3, 4) : W, = 17,7 cm. 

equation (12) on the supposition that the abrupt widening at the 
mouth of the harbor acts as a control, that the width of the channel is 
2,000 feet, that the depth of the water is 30 feet, and that the mixing 
action of the reversing-falls upstream is so efficient that overmixing 
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Figure 4. Ratio of vertical salinity difference between the bottom and surface layers In 
St. John Harbor. plotted against the monthly mean river discharge of the St. John river. 
The points are from data by Hachey (1939). The straight line is computed from the theory 
of overmixing. 

occurs. Considering the crude nature of both the theory and data, 
the agreement is fairly good, and it is concluded that St. John Harbor 
is overmixed. 
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Data on the dependence of stratification at the mouth of an estuary 
upon the river discharge are difficult to find in the literature. Very 
fragmentary data suggest that the following estuaries may be over-
mixed: 

St. Johns River, Jacksonville, Fla. 
Columbia River, Oregon 
Savannah River, South Carolina 
New Waterway, Holland 
New York Harbor, N. Y. 

It is suggested that future surveys of estuaries where the possibil-
ity of overmixing exists include considerable detailed survey work on 
sections that are likely to exert control action. The observations 
should give vertical salinity and temperature soundings over a com-
plete tidal cycle for several different stages of river discharge through-
out the year. Construction of a graph, such as that shown in Fig. 3, 
will immediately determine whether or not a condition of overmixing 
exists in a particular estuary. 
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