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CHAPTER 8
ESTUARIES

Edtuaries are semi-closed basinsin which arather complex interaction between river
inputs, tidal currents and wind leads to the turbulent mixing of salt from the ocean with
fresh water and other congtituents within the boundaries of the estuary.

To pargphrase Pritchard, a pioneer in studies of estuarine circulation,

“An esuary is asemi-closed coastal body of water in which seawater is measurably
diluted by freshwater runoff.”

Geomorphologicdly, estuaries are divided into three categories.

Coadd plain estuaries are drowned river valeys whose depths are shalow and
whaose bottom is gently doping.

Bar-huilt estuaries are dmost totally enclosed by outer sand bars; e.g. dong the
New Jersey and North Carolina coasts.

Flords are aproduct of glacid erosion with steep sides and large depths except at
the sl near the entrance.

Circulaion and mixing within a particular estuary is controlled by the tiddl prism volume,
P, toriver flow volume, R, ratio. Thetidd prismis defined asthetotd volume of water
that enters and leaves the estuary each tidal cycle, while R isthe volume of river input
during the same period.

Salt Wedge Estuary
WhenP/R<<1, density differences are important in driving the circulaion. If there

were no frictionin the 2-layer, then the river water would flow out of the estuary without
mixing with the water as shown in Figure 8.1. The cross-estuary geostrophic balance
would lead to the interface configuration shown in the cross-section.
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Figure 8.1 Schematics of sealevel distribution associated withanon-tidal estuary that is
dominated with freshwater inflow and no friction.

With friction considered, the more redlistic sat wedge arises because a pressure
gradient is required to balance the frictiond resistance that accompanies turbulent
entrainment and mixing at the freshwater/sdtwater interface. The pressure gradient is

maintained by the sdtwater in flow.
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Figure 8.2 Sat wedge estuary with friction

Such a system looks like the figure above which showstheriver inflow R, the it (S),
incoming ocean water at rate |, mixing through the salt wedge interface with the out
flowing freswater. The mixture, with sdlinity S, eventudly exits the mouth &t arate O.

A box modd can be developed for this system in order to relate the transports R, O
and | and thedinitiesS, and S. In smplest termsiit looks like that shown in Figure
8.3.
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Figure 8.3.Box model of salt wedge estuary.
Mass balance requires

O=I1+R
and salt balance requires that

S0=gl
since no st is added at the head. These relations can be combined as
@S 9
S-So
which showsthat, as§ 2 S, the estuarine outflow O becomes much greater than the
river inflow R. This occurs because large amounts of saltwater are being entrained and

O=

mixed with the outgoing river flow.

Partial Mixed Estuary

If P/R isorder 1 (or 0.5 < P/R< 5), thentiddl flow effects become important and we
have what is caled a partidly-mixed estuary. For this case and the next case, where
tidd effects become dominant, the important dynamic baance is between a sealevel-
dope induced pressure gradient and bottom friction.  Associated with the bottom

friction are the turbulent eddies which are effective in mixing sdt yowards and increasing
the potentid energy. If thetida motions are averaged the remaining mean didtributions
of sdt and velocities for atypica narrow estuary are shown in figure 8.4.
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Figure 8.4 St and velocity didribution in anarrow partidly mixed estuary

For awide estuary Coriolis forces causes a nonuniform didribution of tidd flow which
can be decomposed as shown in Figure 8.5.
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Figure 8.5 Tidal circulation decomposition in awide estuary.

The circulaion imposed by rotationa effects leads to alaterd asymmetry in the surface
(and at depth) sdlt distribution as shown in Figure 8.6.

19 November 2004 © 2004 Wendell S. Brown



Chapter 8- pg. 5

l f L odlakot
_{J‘rfff’{f’f \
\
1 20 B0%.0
__f.f,r \
t} J’ fl’f f,-f 7 ~

Figure 8.6 Salt distribution in partialy-mixed wide estuary

Well-Mixed Estuary

WhenP/R>>1, tidd flow effects dominate the circulation and mixing characteristics of
the estuary. Further, if (1) thetidd prism volumeis of the same order as the mean
volume of the estuary and (2) the estuary is narrow, then awell-mixed estuary like the
Piscatagua River and Little Bay sections of the Great Bay, New Hampshire results. In
such cases, the basin geometry strongly influences on the details of the tidd flow, which
results from the combined effects of the tidal range, imposed at the mouth of the estuary,
and the typical cross-sectiond area of a particular estuary. Inthis case verticd sdt and
veocity digributions are nearly uniform and the principa horizonta sdt gradients are

confined to regions near the river mouths as shown in Figure 8.7.
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Figure 8.7 Salt and velocity distribution in awell-mixed estuary.

The upsream sdt flux in this case is caused by turbulent diffuson and is baanced by the
downsiream advection of fresh river weter.

A moreforma classfication scheme for estuaries has been proposed by Hansen and
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Rattray (1966)*, who have defined a set of parameters that determine the amount of
energy disspation in thetidd wave. The higher the dissipation the grester the
progressive wave character exhibited by the tidd wave. Mogt estuarine tides exhibit a

combined progressve/standing wave character with a sealevd-veocity phase

difference faling somewhere between 0 andp / 2radians.

The Hansen and Rattray classfications are based on the dratification and circulation
parameters discussed next.

Stratification Parameter - The densimetric Froude number is defined as

Fm:i,
Uy

where U isthe characterigtic or “typica” river flow velocity, defined as
U ° X

for ariver discharge rate R and a cross-sectiond area A,

where Uy is the denametric velocity defined as

Ug® ——

for a seawater/river water dengity difference, Dr , and a characteristic depth,

D, with agravitationd acceleration g.

Circulation Parameter - Pisdefined as

p=Yr

Ut
where U, isthe root mean square (rms) tidal current speed, according to

1.Limnology and Oceanography, 11(3).
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Hansen and Rattray haverelated the two parameters F,, and Ptheoreticdly to a
sdinity difference parameterd S/S, (where dSis the top to bottom S differenceand S,

is the cross-section mean S) and the current ratioU / U, (whereUsisatide averaged

surface current). The results of these computations are summarized in Figure 8.8, which
is aso subdivided into their estuarine classfications.
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Figure 8.8 Hansen-Rattray estuarine classification diagram.

Classfications are based on both the vertica distribution of tidal averaged or resdua
velocity and the degree of vertica dratification with () referring to dight Sratification
and (b) appreciable dratification.

A Type 1 estuary (according to this scheme) is characterized by a seawater net flow
a dl depths. Thus an upstream salt flux is achieved through aturbulent diffuson

process.
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A Type 2 estuary exhibits areversa of net flow a some mid-depth. Therefore the
upstream sdlt flux is achieved through a combination of advection and diffusion.

InaType 3 estuary the upstream sdt flux is primarily advective. Fords usudly fall
into category 3b for which the lower layer is 0 degp that the density driven
circulation does not penetrate to the bottom.

A Type 4 estuary is a sat wedge estuary with circulation patterns (discussed
previoudy) in which the principa mixing between sdt and fresh water occurs dong
the fres/salt water interface.

In practiceit is not unusud for different parts of the same estuary to be classified
differently. A casein point, the different parts of the Great Bay Estuary plot in the
cross-hatched area on the Hansen-Rattray stratification-circulation diagram. Even these
Great Bay dlassfications migrate from the 2ainto the 2b (increased dratification) area
during the spring runoff period. These data, computed by Arellano (1977), are
presented in Table 8.1 for the estuarine locations shown in Figure 8.9.
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Figure 8.9 Locationswhere the estuary is classified.

Table 8.1 Vaues of Parameters Inferred from Distribution of Velocity and Geomorphology in
Particular Locationsin the Estuary

H L ocations A B C D H
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Low River Flow Parameters

Uqg 1.13 1.41 1.55 1.97
P 1.41x10° 8.80x10* 3.40x10° 1.51x10°
Fin 4,6x10* 6.7x10" 1.05x10° 5.48x10™
Ud/Us 100 20 45 20
d./S, 0.030 0.014 0.035 0.022
High River Flow Parameters

P 7x10° 4.45x10° 1.7x10? 7.5x10°
Fin 2.3x10° 3.35x10° 7.5x10° 2.74x10°
Ud/Us 30 28 18 31

d. /S, 0.11 0.035 0.14 0.12

Now consder theimportant dynamical consderations which control both the tidd flow
and theresdud flow. Inawdl-mixed estuary, such asthe Great Bay
withP/R>>1and P/V =0(1) , tidal pressure gradients associated with sea level

tilts,r g Th /1x, are balanced by bottom stress, t° asderived below.

By assuming flu/1t is negligible, the longitudina momentum equition is

©

+t§-ti’

O:_iﬂ ,
r fx h

]

wheret,® isthe surface stress and h is the water depth.

Asuming a hydrogtatic pressure fidld and integrating vertically we find thet

s b
O:-r gm_l_tx'tx.
1 x h
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Fort ; =0andt %=t ,

For the Great Bay Estuary Th /1 x fluctuatesin the range + 1.5 x 10° with thefrictiond

effects are most evident in the velocity profile 1m above the bottom as shown in Figure
8.10. (Refer to the discussion regarding frictiona effects and velocity profiles.)
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Figure 8.10 Schematic of longitudinal pressure gradient driven flow.
Theresdud flow in awell-mixed estuary is influenced by dengity-induced pressure

gradients and controlled by bottom friction. The longitudina cross-section of sdinity (or
dengty) of such an estuary looks something like the sketch in Figure 8.11.
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Figure8.11 A longitudinal section of salinity profilesin awell-mixed estuary.

A inity digtribution like this leads to horizontal dengty gradients + {ir /91, which
giveriseto horizontal pressure gradient forcesgz(r )/11X) which vary with depth.
Continuity requires that some mid-depth isobar belevel. Thus the pressure distribution

can be drawn as seen in Figure 8.12.
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Figure 8.12. Pressure and associated vel ocity distributions, due to the seaward salinity gradient in
awell-mixed estuary (see Figure 8.11).

The corresponding density-driven (or resdua) veocity distribution is indicated.

Of course friction controls the overal magnitude of the resdua circulation and its effects

are seen in the velocity profile near the bottom.

Thetotd estuarine circulation is the superpostion of fluctuating tidd flow and amore
steady density-driven residud flow. The relaive magnitude of the different components
depends upon consderations discussed previoudy. In each case the dynamics are
influenced by bottom friction.

In the course of our initid discussions of bottom friction we showed how the depth
dependence of the mean velocity in the bottom boundary layer could be expressed in
terms of the bottom stress, t, =r u,”, the bottom roughness, z, and the VVon Karmen
constant k, = 0.4 according to

— u, , atz,0
U@ =— Ing—20%,

Ko Zo @

Thisisthe mathematicd expression for the mean velocity ina“log layer”. Sinceitis
difficult to measure the bottom stress directly, this relation can be manipulated to
provide an indirect means of determining stress. Rearranging the relation above yields
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Inz+ z,) = U +In z,,

where now the coefficients ko and In z, can be determined from measurements of the
U=

meen velodity profileU(2) . Asafirst gpproximation assume z >> z, on the left hand

sde of the relation above and plot vaues of U versus ly z. A linear regresson of these
results will yidd afirg approximation to the coefficients

| =

?‘ ad (20),=2,.

,&IIO

A second interaction of the same procedure plotting In(z+(z,),) versus U(2) will
produce better estimate (), and g&g from which (t,), can be computed. This
73

procedure converges rapidly usudly so that two interactions are dl that are usualy
necessary. Thus, using this reasonably smple technique, estimates of the frictiond
character of aflow regime can be made. The physical interpretation of the z, esimate is
more difficult asit includes the effects of topographic roughness aswell as
hydrodynamic turbulence and sediment load.

Mixing and Transport of Biogeochemical (BGC) Constituents

We have dready shown that, in a turbulent environment, momentum exchange is best
described in terms of eddy exchange between layers as measured by eddy coefficients
of viscosity,
_-ruee
© Uz
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Therefore we would expect that the transfer of any BGC congtituents could be
described in Smilar terms. Let’ s explore that possibility by assuming a concentration
distribution of dissolved or suspended condtituent ¢ = ¢(x,y,z,t), which can be

decomposed into mean and fluctuating components, accordingto c=C +c¢ . The
vertical trangport of ¢ (or G, ) isrelated to the mean vertica concentration gracient

according to

. Tc
Gc_ Kczﬂz )

where K, - the eddy diffuson coefficient for the vertica transfer of the condtituent - is

_ w ct
fc/fz

cz

In the presence of dengty Stratification, we expect that water parcels, which are
displaced verticdly from their mean position, will exchange momentum more rapidly

than condtituent trandfer. Thus | K, | <|n ¢, | (different units) and condtituent transfer is

incomplete before water parcels begin to return to their mean level. Because horizontd

trangport islessinhibited, so

|ch|a|nex| and |Kcy|a|ney|

Without dratification, we expect that
| K; |a In ¢, I

We will now incorporate these ideas into the development of the conservation of a
BGC condtituent in a turbulent hydrodynamic environmen.

The generd Eulerian conservation statement for agenerd condituent
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where term (@) isthe substantial rate change of c or

E:£+(\7. N)C,
Dt 1t

and term (b) isthe molecular diffuson; and term (C) isa source (or Sink) term.

Decomposing the velocity and condtituent fidld into their mean and turbulent

components according to

V=V+v¢c=C+ct

and assuming that turbulent transport is more important than molecular trangport

(and thus K. >> D), the conservation statement can be written

fe_ [uc  IVC  we, advection of C by the “meen flow”
It x Ty Mz

1 1 C,, 1 1C, . 1 fic T
+ Ko—)+t—(Ky—)+—(Kg—) eddy diffuson
ﬂx( ﬂx) ‘Hy( Cyﬂy) 'ﬂZ( 'ﬂZ)

+f source/snk

c

Now consider the gpplication of the above

relation to awdll-mixed estuary, like the Great Bay NH, where turbulent exchange
processes are more important than advective exchange over the time scale of days.
Then the above unsteady eddy diffusion of a condtituent in the above reation can be
smplified to
1C

)+ﬂiy(r<cy—)+fc

L
Ty

Tt Ix Cfx

or in one-dimendon, without sources, it would be
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fc_ 1, 1C

ﬂt ﬂX (ch ﬂX
In the latter case, the accumulation of C at aparticular location in the estuary is
determined by the difference between the eddy transport into and out of the region... a

).

reassuring result.

Consider the application of the 2-D relationship to the Stuation, where f . = 0; and at t
=0" afiniteamount - C, ([C,] = mass/unit depth) - of a condtituent isinjected at the
location x = 0 and y = 0. The relevant conservation statement is

fc 1 qiC q C
—_— = ch_ +— Kc_
Mt 'nx( ‘HX) 'ny( y‘ﬂy)

Its solution, under the congtraint that the concentration must remain finite a large

distancesx andy, yiddsFick’'sLaw, i.e.

G x° y’ )

cx,y, t)= exp (- -
( y ) 4pt(chKCy)l/2 p( 4K0Xt 4KCyt

Y ou should recognize the so-called Fickian solution (see Figure 8.13)

as atime dependent Gaussian distribution.

Lo

X3 Te = At X

Figure 8.13. The x-distribution of the Fickian concentration c (x) a constituent at theinitial time
(solid) and some time later (dash-dot).

19 November 2004 © 2004 Wendell S. Brown



Chapter 8- pg. 16

Applying these ideas to amodel estuary, enables us to compute the digtribution of a
condtituent as afunction of flow and mixing parameters. In this case our model estuary
is defined by an input flow of V; and concentration C; and an output flow of V, and C..

The digtribution of C can be determined rather easily for a one-dimensond modd
eduary, if itisassumed that (1) advection is unimportant reative to diffuson and (2) the
diffuson coefficient K and the density r are constant throughout the estuary dl thetime
(seeFigure 8.14).

Cl_ E K,P :ICa
PP 7 7rrmr = 7 = - p >

Heo Az khg

Figure 8.14 A onedimensional estuary with spatially constant diffusion K and water density ' .
The concentrations at the two ends Cg and C,, are held constant.

The appropriate conservation equation, in this case, is

E: K1-[2_C+
it x?

P
r

where Pisthe massgain or lossrate per unit volume,

The boundary conditions are that
ax=0; C=Cy and ax=X,;C=C,
For a steady state case
FC__P_
x> rK

If it is assumed that P is constant throughout the estuary (asit might be for sediment
resuspension or deposition), then the above relation is eadily integrated twice, resulting

In

C=——y2+ax +b.
2r K
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where aand b are determined from boundary conditions. Applying the boundary
conditionat x =0 (C = Cr ) impliesthat b = Cr Applying the boundary condition at x
=X, (C=C,) gives

~

Com X2 +aX, * s
(¢ 2[’ K o o

or solving for agives

a:Co'CR + PXO )
Xo 2r K

50 that the solution is

Therefore
Co-Cr . PX, P
CX) =Cr + + X - :
(X) =Cr*( X 2rK) R

For a conservative condtituent there is no source or sink, i.e. Po0 , the concentration

digributionislinear in x, according to

CO-CR)X )

(o]

C() =Cr*(

If we consder the digtribution of sdinity S, for whichCr =0and C, = S, thenthe
relation becomes

S(X :ix

(o]

or that the longitudind dinity gradient in the estuary is

d—szé° aconsant .
dx X,

The above result can be used in evauating the gpplicability of thismode to an estuary.
For example, if the geographica digribution of sdt is nearly linear, then assuming K is
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gpproximately congtant isvaid and the theory can be gpplied to the red estuary in
question.

Further, if the flow rate of freshwater into the estuary is known, then the value of K can
be computed. This can be done by expressng the congtant sdinity gradient in terms of
the freshwater concentration gradient, by first defining the freshwater fraction

F:%-Sg

S o

At the head of an estuary the river inflow has anear-zero dinity, i.e. S=0; sothat F =
1. At the mouth the water hasasdinity S, thus F = 0. The gradient dF/dx is

TF
Rci=-K—.
R x
Therefore
K = _i = RSO
dX Xm/e’stimated

31
where [K]=E 1= 471

L
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CHAPTER 8 PROBLEMS

Problem 8.1. Estuarine Dynamics
If the
mean river flow into the inner harbor is 5 nv/sec;
volume of Boston Inner Harbor is approximately 1.5x10°
mean dinity is 30.5 psu; and
sdinity of the ‘ocean’ adjacent to the Harbor is 31 psu,
then what is the mean residence timefor a parcel of river water that enters at the head
of the estuary?

Problem 8.2. Estuarine Salt Transport
In your own words, describe four types of estuaries, including some explanation of how
sdt (and other materidsin the water) are transported.

Problem 8.3Estuarine Mixing

a) Discuss and contrast the dengity driven (barodlinic) flow in highly dtratified and
verticaly wdl-mixed estuaries.

b) Consder the ample sat wedge estuary shown below, with transports for the river =
R, deep inflow = 1, and surface outflow = O, each with corresponding sdinities S
and S, respectively.
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¢) Using idess of conservation of sdt and volume, derive the generd relation between
inflow trangport | and river flow transport R and the inflow and outflow sdinities, S
and S.
GivenSy = 32.0psu, S = 33.0 psu, and R = 3 x 10° n/sec, what is | ?

Problem 8.4 Estuarine Friction
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It is sometimes useful to parameterize the friction force F as:
to Us”
— = f ——
hoet T
where Cp isadrag coefficent, Uy is the depth-averaged velocity,
r isthe mean water dengty, h is the depth of the estuary;

With the purpose of studying estuarine bottom friction, you obtain the mean current
profile measurements below at Site 1, where water depth h = 15m, and Site 2 whereh

F =

=5m.
Height Above Mean Velocity (cm/sec)
Bottom (cm) Site 1l Site 2
5 35.1 11.2
15 56.0 17.3
25 66.2 20.2
60 84.5 25.6
100 93.3 28.7
200 110.0 32.8

a) Determine the roughness length z,, the friction velocity, u-, and the bottom stress, t o,
at the two Stes.

b) Determine the drag coefficient Cp from both sets of measurements assuming the flow
is congtant at depth above 2 meters. What does the difference between your results
suggest about thisform of the parameterization?

¢) Assuming that the pressure gradient force and the bottom friction force are balanced,
use your estimate of the depth averaged velocity and the drag coefficient to caculate
the local dope of the water surface at the two Stes. What is the devation change
per kilometer downstream?

d) Cdculate the locd transverse surface dope of sealevd at each of the Sites assuming
that a geostrophic baance exists. What isthe ratio of the transverse to longitudinal
(downstream) surface dopes (Use answer to part ¢). What isthe differencein
elevation per kilometer in cross-stream direction at the two sites?

Problen 85  Estuarine Dispersion
Consdering dispersion only in the bottom boundary layer (see below), it has been found
in many cases that horizonta turbulent diffusion coefficients depend on the friction
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velocity u- (i.e. bottom stress) and water depth h. Laboratory experimentsin channéls,
for which w >>h, indicate that the horizontal turbulent diffuson coefficentsare
anisotropic and can be parameterized as

K= 59uh

Ky = 0.23 u-h
Apply these results to the estuarine channd shown below, where w = 500 m and depth
h=5m. Giventha an amount of dye A, is placed in the boundary layer a x=y=0at
t =0, use U = 4 cm/sec and plot the A, x 10° contour for t = 100 seconds after dye
injection. What isthe concentration at x =y = 0 after 100 seconds?
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