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Foreword

These are the course notes for Descriptive Physical Oceanography,
taught at the University of Victoria, School of Earth and Ocean Sci-
ences, a 13-week undergraduate course.

Unlike many physical oceanography courses, students taking this
course are not expected to have studied vector calculus or differential
equations, nor are they expected to have learned classical mechanics
beyond what is typically offered in a first-year physics course. Many
of the students have a deep interest in understanding the ocean and
often approach the course with considerable intuition. The challenge
of a course like this is to offer more than just a list of facts, but rather
to try to give a feeling for the forces that drive the ocean, without
becoming too bogged down in mathematical formalism. As such, this
course tries to strike a balance between knowing about the various
physical phenomena in the ocean and understanding the dynamics
that give rise to them, while still giving students some practice in
practical calculations.

The course is divided into three unequal parts: overturning cir-
culations driven by lateral buoyancy differences and mixing; waves
and tides; and wind-driven circulations. We start with estuaries as
a nice introduction to overturning circulations, but also because the
students do work in Saanich Inlet, and understanding estuaries early
is very helpful.



Part I

Overturning circulations
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Estuaries

Estuaries are semi-enclosed basins of water that are strongly in-
fluenced by freshwater sources (i.e. a river) or evaporation, yet have
an opening to the open ocean where salty water can get into the
basin. The semi-enclosed nature of the basin allows time for mixing
between the fresh and the ocean water, and the density differences
created drive a strong overturning circulation in the basin, such that
much more water is drawn up the estuary than starts out flowing
in from the river. Here we attempt to describe how this circulation
works. How estuarine circulation occurs is subtle, but not terribly
difficult to understand qualitatively. It is, however, not amenable to
simple mathematical description, which may explain its omission
from basic texts.

It is a little unusual to start a course with something as dynamic
as an estuary. We do this as a bit of foreshadowing for the rest of
the course, and because Saanich Inlet is an estuary, and we will be
considering Saanich Inlet in the context of the course project.

http://en.wikipedia.org/wiki/Estuaries
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1.1 Pressure differences

Before we start, it is helpful to think about how pressure differences
drive flows. A fluid moves due to friction (i.e. the wind blowing over
the surface), direct action (i.e. a paddle pushing water), or pressure
forces. Pressure forces are unique to fluids, and are the forces that the
water can exert on itself. In general they tend to move water so that
pressure differences are evened out, i.e. the water pushes itself from
high pressure regions to low pressure regions.

P1 P2

ρ0geopotential

flow direction

Figure 1.1: A body of water of uniform
density with a tilted upper surface.
Note that P1 and P2 are at the same
geopotential height (i.e. their value of z
is constant)

If the sea-surface is tilted, then the pressure will be greater where
the sea surface is high than where it is low; in figure 1.1, P1 > P2.
This will drive the flow from left to right. Note pressure increases
with depth, so when we think about how the pressure moves water,
we need to think about the pressure along a “geopotential” surface
(ie. a surface along which the water would be flat). For our purposes,
this is a set distance below the flat surface of the water.

In general, it is a good rule to think that the water will move in the
direction that will lead to a flattening of the surface. The resting state
of the body of water is to have a flat surface, as indicated with the
dashed line at the surface in figure 1.1.

The situation is more complicated if we add density variations.
Consider just tipping the interface of a two-layer fluid (figure 1.2),
where the lighter fluid floats on top of the denser (ρ0 < ρ1; tilting
this interface is actually hard to do, but just imagine). At first, the
pressure difference in the upper layer is zero (P3 = P4) because the
upper interface is not tilted. However, there is more dense water on
the left side than the right, so there is a pressure gradient below the
interface, P1 > P2, driving deep water to the right.

ρ0

ρ1P1 P2

P3 P4

ρ0

ρ1P1 P2

P3 P4

ρ0

ρ1P1 P2

P3 P4

a

b

c

Figure 1.2: A two-layer body water with
an interface that is initially tilted. See
text for the description.

This leads to more water on the right hand side than the left side
(figure 1.2b). This makes a surface pressure gradient that tends to
drive the upper layer to the left (P4 > P3). This surface pressure
gradient is set up very quickly, and only involves a tiny amount of
water in order to drive the surface-layer flow to the left.

The water column will slosh around for a while, but friction will
eventually damp the motions and the interfaces will be flattened as
indicated with the dashed lines (figure 1.2c).

ρ0
ρ1

ρ2

Figure 1.3: A three-layer body water
with tilted interfaces.

Again, the general idea is that the body of water has pressure
gradients in it that drive a flow that will tend to flatten the layers.

Q: In figure 1.3, what direction does
each layer flow?

Q: If the density differences between
the layers are equal, which layer will
initially have the strongest flow?
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1.2 Estuarine Flow

1.2.1 Salt-wedge estuary

Estuaries are bodies of water with opposing buoyancy sources at their
ends, usually a river at the head and the ocean at the mouth. The
buoyancy difference usually arise from the salt content of the water,
with fresh water being “lighter”, or more buoyant, than salty water.
The simplest situation is a river spills into the ocean, spreads out
and becomes a buoyant plume (figure 1.4). If we quantify the river
volume transport as R (typically in units of m3 s−1) then in steady
state the transport out the mouth of the estuary will be Qo = R. The
deep ocean layer will be stagnant.

R Qo

salty ocean water    Si

Figure 1.4: A salt-wedge estuary and
river plume. The river discharges into
the salt water without substantial
mixing.

This type of estuary is called a salt-wedge estuary. The mouth of
the Fraser River is a classic example of a salt-wedge estuary with
a spreading plume (figure 1.5). Fresh water runs over salty with a
small amount of mixing between the two layers. The salinity goes
from 2 psu to 24 psu (1 psu ≈ 1 part-per-thousand, or gram of salt
per kilogram of water) in just a few meters vertically. This sharp
front moves back and forth with the tide, a typical feature of most
salt-wedge estuaries.

Figure 1.5: Salinity contours in mouth
of the Fraser River. Salinity has units
of parts per thousand, or ppt. So 1 ppt
means 1 gram of salt per kilogram of
water. The unit “psu” is also often used,
meaning practical salinity unit, with
1 psu = 1 ppt. The river is on the left,
the ocean on the right. [?]

1.2.2 Fjord-type estuary

Unlike a salt-wedge estuary, most estuaries have an “exchange flow”
that is much stronger than the river flow. This flow is driven by verti-
cal mixing that in turn creates tilted “isopycnals”, or constant density
surfaces. These tilted isopycnals want to flatten out due to the pres-
sure gradients that are set up, as discussed above.

http://en.wikipedia.org/wiki/steady_state
http://en.wikipedia.org/wiki/steady_state
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As an example, imagine the situation pictured in figure 1.6. Here
a river flows into salty water. If turbulent mixing is driven by strong
tidal flow over the topographic bump in the middle of the estuary,
then intermediate-salinity water will be formed. This intermediate-
salinity water will be denser than the river water, but lighter than the
ocean water, and will set up a flow that is pictured in figure 1.6b.

R

Si

R
Qo

Qi
Si

So

Figure 1.6: The effect of weak local
mixing on flow in a fjord-type estuary.
Intermediate salinity water is formed
by the mixing which drives a flow out
to sea. In this figure, “isohalines” are
indicated by the contours (constant
salinity surfaces) and will correspond to
“isopycnals” (constant density surfaces)
in most cases.

Determining the steady-state for such a flow is not trivial, and not
very conducive to theoretical formulation. However, general tenden-
cies can be determined. If there is more mixing, more intermediate
water is formed. In steady state, this intermediate water must be
flushed away, so there is a stronger circulation. Conversely, if the
mixing is weaker, less intermediate water is produced, weakening the
circulation.

1.2.3 Flood-plain estuaries

The more mixing that takes place, the more vertical the isopycnals,
and the stronger the exchange flow relative to the river flow. The salt
and density fields also become much more complicated. In shallow
estuaries, of which the Chesapeake Bay is an excellent example, mix-
ing from bottom stress and the winds tends to affect the whole water
column, not just near topographic features. This sets up large along-
estuary salinity and density gradients (figure 1.7). These types of
estuaries tend to have much stronger amplification of the river flow
(R) because of the extra mixing.

An example from an arm of the Chesapeake demonstrates how
such an estuary may look (figure 1.8). Up estuary of Maryland Point,
the estuary is really a river with no salinity. However, unlike the salt-
wedge estuary, there is a gradual horizontal gradient of many kilo-
meters before salty water is found. Note that even at this point the
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R Qo

Qi
Si

So

Figure 1.7: A flood-plain estuary
schematic. Salinity increases from the
head to the mouth, with weak vertical
gradients.

water is still only 12 psu, and that the Chesapeake Estuary continues
for hundreds more kilometers before open-ocean water is found.
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TABLE 3. Summary of current data April 2-9, 1974 showing net flow/tidal amplitude, mean values and computed 
horizontal eddy diffusivity (Units: cm.s- and cm2.s-I). 

S ta t~on Position  

Depth  

(m) P62 P58 ~ 5 2  P42 ~ 2 2  

Mean 

upstream fresh water input. A sudden in- of Douglas Point the salinity was about 0.15 
crease in the flow as gauged at Washington, ppt. (The method used to compute salinity, 

D.C., was observed to produce a peak in the using conductivity, is unlikely to be accurate 

net flow off Douglas Point after a lag of about at such low values.) 

24 hours. In order to model the transport of eggs and 
larvae, it is necessary to make estimates of 
the horizontal dispersion; these estimates can 

Current meter moorings were placed along also be used when calculating the probable 
the axis of the river during April 1974. Two concentrations of a passive pollutant released 
meters were used at each position to monitor into the estuary. Hetling and O'Connell 
the flow in the upper and lower layers. The (1965) computed the effective horizontal eddy 
computed net flows are shown in Fig. 7. A diffusivity, k,, from 
return flow was only observed at P22; even at 
P42 (near Morgantown) seaward net flow was 
recorded by the deepest meter. It is possible, 
however, that a return flow was present close where L was a characteristic length scale 

to the bottom. A salinity section for the 
Taking L to be the tidal excursion, the

period is given in Fig. 8 and shows that the 1.0 
expression becomes 

ppt salinity water was located between Mor- 
gantown and Maryland Point. In the region k ,  = 8.46 x lo3 ~ 6 ' 4 ,  

Figure 1.8: A salinity cross-section from
the Upper Potomac estuary, part of the
Chesapeake Bay estuarine system [?].

The whole estuary has been measured and simulated numerous
times. A recent example is shown in figure 1.9. Here the upper layer
of fresher water can be seen flowing south and seaward. There is a
strong return flow in the bottom 20 m. Note that the volume trans-
port of the return flow is not accurately represented by these veloci-
ties, since they do not take into account the fact that the Bay widens
considerably as it travels further south.

strong tidal mixing in the bottom boundary layer, isohalines
are nearly vertical near the bottom. Top-bottom salinity
differences in the middle and lower reaches of the bay vary
between 5 and 8, while the head-mouth salinity difference
lies between 20 and 25. The longitudinal salinity difference
in the deep channel (between 37.7 and 39 latitudes) is

around 10. Figure 5b shows the axial component of the
residual velocity. Water moves seaward in the surface layers
and landward in the bottom layers. Maximum residual
velocity is about 0.2 m s!1. The level of no motion
separating the two counter-flowing layers lies somewhere
between 5 and 8 m. The landward flow in the deep channel
reaches the maximum speed at a depth of 15 m, well above
the bottom.
[14] Figure 6b shows salinity distribution at the Chesa-

peake Bay surface, again averaged over the month of April.
Fresh water originating from the Susquehanna River moves
seaward, tending toward the Western Shore and mixing with
the saline oceanic water below. This low-salinity water is
joined by the fresh water from the Potomac River as it
continues its way seaward. This plume expands laterally in
the lower bay before exiting as a buoyancy-driven current
along the coast [Chao and Boicourt, 1986]. The high runoff
of 1996 decreases surface salinities at the mouth of the bay
to values near 20. Salinity outside the bay plume is higher
so that there is a strong lateral salinity gradient near the bay
mouth. Similar lateral gradients have been reported from
observations [e.g., Carter and Pritchard, 1988].
[15] Two hypotheses have been proposed to explain this

east-west asymmetry in the surface salinity distribution:
(1) the Coriolis force holds the fresh water plume against
the Western Shore as it moves seaward; (2) most river
tributaries are located on western side of the Chesapeake
Bay and discharge fresh water onto the Western Shore [c.f.
Carter and Pritchard, 1988]. We have tested these hypoth-
eses by carrying out a model run in which the Coriolis

Figure 6. Sea-surface salinity in April 1996 for three runs: (a) without the Coriolis force and wind;
(b) with the Coriolis force but without wind; and (c) with both the Coriolis force and wind.

Figure 5. Distributions of monthly averaged (April, 1996)
(a) salinity and (b) longitudinal velocity in an along-channel
vertical section.

C12004 LI ET AL.: SIMULATIONS OF CHESAPEAKE BAY ESTUARY

6 of 22

C12004

Figure 1.9: A salinity and mean velocity
sections from a numerical model of the
whole Chesapeake Bay [?]

Also note the lenses of fresher water that appear along the estuary.
These occur because of rivers along the length of the estuary. This
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complicates the simple picture given above, but the general trend of
the flow remains unchanged.

1.2.4 Time-dependence

Time dependence changes the steady-state balance in estuaries in
three main ways. First, the fresh-water input at the head of the estu-
ary can change (figure 1.10). This significantly changes the salinity
content of the estuary and the estuarine circulation. Somewhat para-
doxically, the increased river flow can lead to a decreased estuarine
flow. For instance in the Apr 1968 panel the isopycnals are much less
tilted than in the Oct panel, indicating enhanced flow. The balance
here, however, is not a perfect one, and determining the exact re-
sponse if the river forcing changes depends on the mixing response.
Strong vertical density gradients caused by fresh water influx can
suppress turbulence and hence reduce the mixing required to drive
the exchange flow.

A second effect that can change the forcing of an estuary is that
the ocean water at the mouth of the estuary can change salinity due
to seasonal changes in the open ocean. This tends to be a smaller
effect because the salinity differences, even in coastal waters, tend
to be less pronounced. However, coastal waters are subject to sea-
sonal changes due to coastal upwelling and downwelling. During
upwelling, denser water can be found at the estuary mouth, whereas
during downwelling the density can decrease.

Finally, there is a time dependence to the mixing that ultimately
drives the enhanced estuarine circulation. The most regular source of
time-dependence is the tidal forcing. This varies with the fortnightly
(every two weeks) modulation of the tide, and with the long-term
perigree/apogee variations of the moon-earth-sun system. More
mixing during the spring tides leads to isohalines that are more tilted
(figure 1.11) which therefore drive more circulation.
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Fig. 4. Salinity distribution along the axis of the upper bay on 11 April 1968; the mean discharge of the 

Susquehanna River for the previous 10 d; and the long-term mean discharge of the Susquehanna River. 

of the 1 and 5 isohalines, at 2 m and 6 m 
depths, are shown at the bottom. Note that 
the 5 isohaline moved about 100 km sea- 
ward during the rapid increase in fresh water 
discharge associated with Agnes, and then 
moved up the bay about 120 km with the 
onset of low river discharge in late July. 

Many of the smaller’tributaries to the up- 
per bay have relatively small drainage areas, 
and their circulation patterns (are controlled 
by physical conditions in the adjacent bay, 
driven primarily by discharge of the Sus- 
quehanna River. One such tributary em- 
bayment is Baltimore Harbor (BH). While 
often referred to as the estuary of the Pa- 
tapsco River, the combined average daily 
discharge of the Patapsco River and the sev- 
eral other small streams tributary to the har- 
bor represents only about l/3 15 of the vol- 
ume of the harbor. Tidal currents in the 
harbor are relatively weak, and renewal of 
harbor waters by tidal flushing alone would 
require approximately 100 d. An inventory 
of accumulated conservative components 
of certain wastes introduced into the harbor 
indicated, however, that the m.ean residence 
time for harbor water is only about 10 d 
(Stroup et al. 1961). Conseq,uently, some 

mechanism other than tidal flushing must 
renew about 10% of the harbor volume each 
day. 

L 

This mechanism has been shown to be a 
34ayered circulation pattern driven by dif- 
ferences in the vertical salinity structure in 
Baltimore Harbor and in the adjacent Ches- 
apeake Bay (Carpenter 1960; Stroup et al. 
1961). Observations of salinity show that 
the source of water which flushes the harbor 
is the adjacent bay, even though the vertical 
average salinity is essentially the same in 
the harbor as in the adjacent bay waters. 
The lack of a mean horizontal salinity gra- 
dient in the harbor would usually be inter- 
preted as indicating little or no circulation. 
However, the salt content is distributed with 
depth quite differently in the harbor than 
in the adjacent bay waters. The balance be- 
tween horizontal advection and vertical dif- 
fusion in the bay proper results in the main- 
tenance of a significant vertical gradient in 
salinity at the mouth of the harbor. Within 
the harbor, however, vertical mixing is more 
important compared to horizontal advec- 
tive processes, and the salinity is more near- 
ly uniform with depth. Representative ver- 
tical profiles of the salinity in the Chesapeake 

Susquehanna River and Upper Chesapeake Bay 241 

ISOHALINES 

25 JUN 1969 

IO ;ZO 30 40 50 60 70 80 SO 100 110 120 130 140 150 160 170 180 

DISTANCE IN Km FROM THE MOUTH OF THE SUSQUEHANNA RIVER (HAVRE DE GRACE) 

Fig. 5. Salinity distribution along the axis of the upper bay on 25 June 1969; the mean discharge of the 

Susquehanna River for the previous 10 d; and the long-term mean discharge of the Susquehanna River. 

Bay off the mouth of the harbor, and of the 
salinity near the head of the harbor, are 
shown in Fig. 8. Note that in the harbor the 
salinity is higher in the upper half of the 
water column than in the adjacent bay, but 
that the salinity in the lower half of the water 
column in the harbor is less than in the 
adjacent bay. Consequently, the less saline, 
less dense surface waters of the bay tend to 
overflow the more saline, denser surface 
waters in the harbor. Near the bottom, the 
more saline, denser waters of the bay tend 
to flow under the less saline, less dense waters 
of the harbor. Thus, there is flow into the 
harbor both at the surface and at the bot- 
tom. Continuity requires that these inflows 
return to the bay at mid-depth. Figure 9 
shows a typical longitudinal-vertical section 
of the salinity distribution along the channel 
of the harbor, and shows s,chematically the 
three-layered circulation pattern. The vol- 
ume rate of inflow and discharge from the 
harbor as a result of this circulation pattern 
has been shown to be relmarkably steady 
throughout the year, and to amount to about 
480 m3 s-l, which is approximately 10% of 
the harbor volume per day and 44% of the 

annual mean discharge of the Susquehanna 
River (Carpenter 1960; Stroup et al. 196 1). 

The fact that Baltimore Harbor has a nav- 
igation channel maintained at essentially the 
same depth as the adjacent bay is an im- 
portant factor in determining its character- 
istic circulation pattern. In tributary estu- 
aries of similar size and freshwater inflow, 
but in which the depths are considerably less 
than in the adjacent bay, another mecha- 
nism predominates. 

The Magothy River (M) and Sevem River 
(S) estuaries are examples of this second class 
of small tributary estuaries. Both are located 
along the western shore of the bay, seaward 
of Baltimore Harbor. In each of these es- 
tuaries the local freshwater inflow is rela- 
tively small, and each is filled essentially 
with water which originates in the bay. Only 
in the upper, narrow reaches of these trib- 
utaries is the salinity pattern significantly 
affected by the local fresh water discharges. 
The major factor controlling the exchange 
of water between this kind of tributary es- 
tuary and the open bay is the temporal vari- 
ation of the salinity of the adjacent bay as- 
sociated with fluctuations in discharge of 
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Distribution of suspended sediment in mg 1-l along the axis of the upper Chesapeake Bay on 20 August 1969, 

a period of low river discharge. 

’ the Susquehanna River. Since the channel 

depths in these tributaries are generally less 

than 6 m, only the upper layer of the bay 

participates in the exchange of water with 

the tributary. 
The salinity of the surface layers of the 

bay varies seasonally, with maximum val- 

ues in autumn and minimum values in 

spring. The seasonal salinity variations in 

these tributary estuaries lag the salinity 

changes in the adjacent bay. During winter 

and early spring, when the salinity in the 

bay is decreasing with time, the salinity in 

the tributary is higher than that in the bay. 

Consequently, surface waters of the bay flow 

into the tributary, and the bottom waters of 

the tributary flow out to the bay. During 

late spring, summer and early autumn, when 

the salinity in the bay is increasing, the sa- 

linity in the tributary is less than in the ad- 

jacent bay. Consequently, the surface waters 

of the tributary flow out to the bay, while 

bay waters flow into the tributary along the 

bottom. As a result of seasonal salinity vari- 

ations in the bay produced by seasonal vari- 

ations in discharge of the Susquehanna Riv- 

er, the circulation pattern in these shallow 

tributaries is reversed twice a year, in late 

spring and again in autumn. At the times 

of flow reversal, the rate of renewal of the 

waters of the tributary is a minimum. These 

patterns are shown schematically in Fig. 10. 

Small western shore tributaries nearer the 

head of Chesapeake Bay, closer to the Sus- 

quehanna River, such as the Gunpowder 

River (G) and the Bush River (B) estuaries, 

respond on average to the same seasonal 

pattern described above, but also are subject 
to sharp changes in renewal rate associated 

with short period, rapid changes in the sa- 

linity of the adjacent bay resulting from sud- 

den increases and decreases in the flow of 

the Susquehanna River. Thus, short period 

time changes in salinity in the bay resulting 

from rapid changes in river inflow provide 

a type of pumping action to flush some of 

the smaller estuaries tributary to the upper 

reaches of the bay. 

Geological Responses 

According to Officer et al. (1984) the Sus- 

quehanna River contributes approximately 
“ 

. . . 61% of the total bay sedimentation.” 

The bay in this case is the bay proper and 

approximately 70% of the Susquehanna 

River input is deposited within the upper 

Figure 1.10: Salinity in the Chesapeake
as it varies due to river discharge over
the year (bars on left) [?].



18 introduction to physical oceanography

302 J. 0.Blanton et al 

Mira Salinity (PSU) LWNeap 21 Feb I998 

S L a 1 2  4 5 7 

I 
I I I II 

0 I 2 3 4 5 

b, Mira Salinity (PSU) LW Spring 28 Feb 1998 
S L a 1  2 4 5 7 

0 1 2 3 4 5
Distance from mouth (km) 

Fig. 5. Depth distribution of low water salinity during (a) 
neap tide and (b) spring tide through the first 10 km of the 
Mira estuary. The surveys were conducted on February 21 and 
February 28, 1998, respectively. 

delta (Fig. 4a), and salt mixed far into the estuary. 
The low-discharge surveys had weak vertical strati- 
fication and showed a continuous flow of high sa- 
linity water over the delta and into the estuary be- 
yond Station 7 for most of the tidal cycle (Figs. 3 
and 4a). The opposing subtidal barotropic pres- 
sure gradient associated with low river discharge is 
too weak to prevent this. 

This was not the case for the high discharge pe- 
riods (Figs. 3b,c and 4). Even though we expect a 
larger sub-tidal barotropic pressure gradient acting 
seaward, the effect of this gradient is significantly 
diminished during ebb tide due to the sill's ob- 
struction of the ebb flow downstream from Station 
7. The sill prevents an efficient return of high sa- 
linity water seaward during ebb by partially dam- 
ming the ebb flow. This diminishes the effective- 
ness of the sub-tidal barotropic pressure gradient 
imposed by river discharge and traps the high sa- 
linity water upstream. Some vertical mixing occurs 
on the sill during ebb which produces a low-salinity 
signature in the water that is brought landward for 
a brief period about mid-way during the flood cy- 
cle. 

TABLE 2. Estimates of the aspiration depth (h,) based on Eq. 
2. See text for details. The basin and sill depths used are H, = 

9 m and H, = 4 m, respectively. 

Survey As (psu) Ap (kg m-7  Us (m s-I) h, (m) 

April 1984 (neap) 8 6.2 0.2 6 
February 1998 (neap) 15 11.6 0.2 5 
February 1998 (spring) 5 3.9 0.4 9 

The sill limits the vertical exchange of water and 
salt during times when mixing power is small and 
the density deficit is large. The only low-salinity wa- 
ter that gets below the pycnocline at Station 7 dur- 
ing these conditions is a mixture of low and high 
salinity water produced by intense mixing on the 
delta and advected in by flood tide (Figs. 3b,c and 

4).
A neap tide section through the estuary from 

the mouth to beyond Station 7 (Fig. 5) clearly 
shows the effect of the sill. The three landward- 
most stations were located in the deep channel u p  
stream of the delta where the halocline and pyc- 
nocline were strong. The section at low water 
shows a pycnocline over the delta that is weakened. 
Stratification was preserved on the delta during 
February 1998 (Fig. 5) probably because of the ab- 
normally high river discharge and severe floods 
that occurred during the previous December and 
January. The elevated isopycnals over the sill (Fig. 
5) suggest the importance of aspiration. 

We determined h, using Eq. 1 (Table 2) for the 
neap tide conditions of April 1984 (Fig. 3c), Feb- 
ruary 1998 (Fig. 5a), and spring tide conditions of 
February 1998 (Fig. 5b). Based on sill data ob- 
tained for a variety of tidal ranges at Station 5 (Fig. 
I ) ,  we used Us = 0.2 m s ~ 'for a tidal range of 1.8 
m and Us = 0.4 m s-I for a tidal range of 2.4 m. 
The h, estimates (Table 2) are conservative for the 
February 1998 period since Us had a larger neap 
to spring tide spread because of the larger differ- 
ence in the neap and spring tidal ranges (1.5 and 
3.5 m, respectively) at that time. 

For the neap tide cases when stratification land- 
ward of the delta was strong, withdrawal depth was 
between 5 and 6 m which left a stagnant area 3 
and 4 m thick below the pycnocline. This is con- 
sistent with the salinity distribution (Fig. 5) show- 
ing a well-mixed bottom layer with salinity between 
32 and 34 psu. This is also consistent with data in 
Figs. 3b,c and 4b showing that salinity variation 
near bottom was negligibly small. 

During spring tide, the withdrawal depth equals 
the basin depth, and ebb tide sweeps bottom water 
over the sill. Weak stratification during LW (Fig. 5) 
was replaced by HW salinity (not shown) in excess 
of 36 psu throughout the zone from the mouth to 
9 km landward (6 km past Station 7). High bottom 
salinity in the deep channel upstream of the delta 
was replaced at LW with salinity between 28 and 
29 psu. This suggests that the sill was ineffective in 
retaining high-salinity water in the estuary during 
spring tide. 

During periods of high river discharge and low 
tidal mixing, the sill apparently plays an important 
role in estuarine-ocean interaction by creating cir- 
culation that retains high-salinity water in the es- 

Figure 1.11: Salinity in the Mira estuary
(Portugal) during neap and spring tides
[?].
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1.2.5 Topographic blocking (mostly in fjords)

One final topic is topographic blocking. Fjords are often demarcated
from the ocean by underwater sills (terminal moraines left over from
glaciations). These sills can be quite tall and sometimes the tides are
not strong enough to bring the densest water from the ocean-side of
the sill over the sill (figure 1.12a). The estuarine circulation carries on
as normal above this depth, but the deep ocean layer does not make
it into the landward basin. This is called “blocking”.

However, occasionally strong tides perhaps enhanced by atmo-
spheric forcing will conspire to provide enough energy for the dens-
est water to get over the sill. This dense water will spill over the
sill and, if it does not mix, will reach the bottom of the fjord (fig-
ure 1.12b). For some fjords this happens every spring-neap cycle. For
others only when the spring tide is particularly large, or the water on
the seaward side denser than usual.

R

blocked water

stagnant water

tidal flow

R
strong tidal flow

deep-water renewal

Figure 1.12: A narrow-silled fjord with
blocking of deep water, and a deep-
water renewal event.

Conversely, if the sill is broad, or has a lot of horizontal constric-
tions, deep-water renewal can happen on the exact opposite phase
of the spring-neap cycle (figure 1.13). During spring tides the incom-
ing dense water is subjected to so much mixing that it is mixed away
before it can reach the inner basin. It is only during neap tides with
enough velocity to push the dense water into the inner basin, but not
so much as to cause excessive mixing that deep-water renewal can
take place.

1.3 Quantifying the Circulation: Knudsen Relation
See also Open University Sec. 6.2

Estuaries are a clean example of conservation of volume and salt. In
steady state, whatever flows in must flow out — both water and salt.
Writing that down carefully lets us estimate exchange flows that are
otherwise hard to measure directly.

The key insight is that the outflowing surface water has some
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R

stagnant water

R
strong tidal flow

strong tidal flow

R

renewed water

weak tidal flow

Figure 1.13: A broad-silled fjord with
blocking of deep water during spring
tides, and a deep-water renewal during
neaps.

salinity (So in figure 1.7), even though the river delivers fresh water.
That means the river water has picked up salt by mixing with the
water below. It also means the outflow must be larger than the river
flow (|Qo| > R) and that there must be an inflow from the ocean
(Qi) to replace the salty water that has been mixed upward. Salinities
So and Si are relatively easy to measure from a ship; the volume
transports Qo and Qi are not. Conservation of volume and salt gives
us two equations in two unknowns, which we can solve given R from
river gauge data.

1.3.1 The Conservation of Volume

Suppose we are interested in the dynamics of a body of water, say a
rectangular swimming pool. The pool has a hose pumping water into
it at a volume transport of q [m3 s−1]. If its surface area is A, how fast
is the water rising in the pool? The answer is w = q/A: the volume
transport divided by the surface area.

More generally, in steady state the total volume flowing in must
equal the total volume flowing out:

∑
i

qi = 0 (1.1)

where transports into the volume are negative and transports out
are positive (or vice versa, as long as you are consistent, but we will
try to use this convention since it is the one used in the mathematics
literature).

1.3.2 Conservation of salt

Salt is carried into or out of a volume by the flow. The rate of salt
transport is simply the volume transport multiplied by the salinity:

qS = S q (1.2)
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with units of psu · m3 s−1. In steady state the salt transported in
must equal the salt transported out. We will use this, along with
conservation of volume, to estimate estuarine exchange flows below.

Box 1.3.1: Examples of conservation of mass

Q: Suppose we have a vat, with volume V = 10 m3 of water in
it. A hose flows into it at a rate of 0.1 m3/s and a second hose
flows out at the same rate. If the concentration of Caffeine in
the vat is initially 0g/m3, and 10g/m3 in the hose, what is the
rate that caffeine is being added to the tank?
A: it is simply qC = 1 g/s.
Q: What rate is caffeine leaving the tank initially?
A: The initial concentration in the tank is zero, so qC = 0g/s.
Q: Assuming the tank is well mixed, what is the rate of
change of the concentration in the vat, initially?
A: This is just the rate of change of the amount of caf-
feine, 1g/s divided by the volume of water in the vat, so
0.1gm−3s−1.
Q: New vat, with three hoses. One hose has C1 = 10g/m3 of
caffeine and flows at q1 = 0.1 m3/s. The second hose flows in
with C2 = 5g/m3, and q2 = 0.4 m3/s. If the vat is well-mixed
and in steady state, what is the flow out the third hose, and
what is the concentration of the caffeine in the water in the
vat?
A: First, in steady state, the volume fluxes equal zero (there
can be no net flow into the vat), so q1 + q2 + q3 = 0. We know
q1 and q2, so we know q3 = −0.5 m3/s, where the negative
sign means water is flowing out.
We also know that there can be no net flow of caffeine, so
C1q1 + C2q2 + C3q3 = 0. We know everything except for C3, so
we solve and get C3 = C1q1+C2q2

−q3
= 6g/m3.

1.3.3 Application to Estuaries: The Knudsen Relation

Imagine the flow at the estuary mouth as two layers: salty ocean
water flowing in along the bottom with volume transport Qi and
salinity Si, and fresher water flowing out at the surface with volume
transport Qo and salinity So. The river delivers fresh water at the
head with volume transport R.

We adopt the convention that positive transport is out of the estuary.
So Qo > 0 (water leaving), while Qi < 0 and R < 0 (water entering).
This feels odd for the river, but it keeps the math consistent: the
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steady-state volume budget is simply

Qo + Qi + R = 0 (1.3)

with no need to worry about which terms go on which side.
Q: What is the salinity of the river water?
Q: Write down the steady-state salt budget. What is the salt transport (in

psu · m3 s−1) carried by each of the three flows? Note that the sign of each
salt transport follows from the sign of the volume transport.

Q: You now have two equations and two unknowns (Qi and Qo), given
measured values of R, Si, and So. Solve for Qi and confirm that:

Qi =
So R

Si − So
. (1.4)

Check: with R < 0 and Si > So, does Qi have the right sign?
Q: If there is no mixing, what is So, and how big is Qi?
Q: If there is a lot of mixing, what happens to Si − So and thus Qi?
These results are powerful because Qi and Qo are hard to measure

directly, while R, Si, and So can be estimated from river gauge data
and a few CTD casts. The traditional form of the Knudsen

relation defines all transports as posi-
tive magnitudes and writes the budgets
with explicit signs: Qo = Qi + R and
SoQo = SiQi . The result is the same
equation for Qi , but with R > 0. Our
sign convention is more consistent with
the general volume-budget framework
used later in the course.
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1.4 Exercise

We will practice some of what we have learnt based on a paper about
local waters by ?. As part of your final project you will read about
similar processes in Saanich Inlet [?].

Q: Consider figure 1.14, which shows the salinity observed and
modeled in the Strait of Juan de Fuca. Based on these plots, where do
you think the mixing is the strongest in the Strait?

and calculated sea level amplitudes and phases at 44 tide gauge sites distributed over the
region. At each site, the rms difference between the model and observations, D, was
computed according to

D ! !1
2

!Am
2 " Ao

2" # AmAo cos!#m # #o""1/2

, (1)

where Am and Ao are the sea level amplitude of the model and observations, respectively,
while #m and #o are the respective phases. The errors indicated in Table 1 are comparable
with those of previous studies and it indicates that the tides are represented with a sufficient
degree of accuracy to satisfy the objectives of this study.

We now consider the mean salinity field. Model results are compared with an observed
climatology obtained from the seasonal sampling program. Figure 6 gives contours of
mean salinity along the main axis (thalweg) of the estuary from observations (a) and the
base numerical experiment (b). The average of the numerical solution is based on results
from the third year of integration and, in order to correspond to the observational mean, the
average was obtained using salinity values for the month of January and for the April to

Figure 6. Along-strait section of annual mean salinity from observations (a) and the reference
experiment (b).

500 [62, 4Journal of Marine Research

Figure 1.14: Observed and modeled
salinity in the Straits of Juan de Fuca
and Georgia [?]. The ocean is on the
left, and the Fraser River is at Distance
= 270 km. The upper plot (a) are
the observations and the lower (b) a
numerical simulation.

Q: For the flow in figure 1.14, sketch where you think the water is
flowing. What happens north of the Fraser river (at Distance = 250

km; make sure you know where north is on this plot)?
Q: Consider figure 1.15, which compares two numerical model

runs, one with tides and one without. Which is which, and why?
Which has the stronger horizontal circulation?

Q: A seasonal time series of the salinity in Haro Strait is given in
figure 1.16. What features of the flow can you identify that indicate
the time dependence of the estuarine flow? Pay particular attention
to the modeled timeseries (which has better temporal resolution)?

Q: Use the Knudsen relation on the two data plots in figure 1.15 to
estimate the exchange flow if the river input is 104 m3 s−1. Which case
has a stronger exchange, a) or b)?

Q: Suppose the river is suddenly damned, so R = 0 m3 s−1. The
estuary’s average salinity will (initially) change at what rate (in units
of psu s−1)? Hints: first, you should assume that the estuary adjusts
so the flux in is equal to the flux out the mouth. Second, you need to
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similar to that of the reference case. There is a small decrease in the salinity of the surface
river plume near the mouth of the river due to reduced near-surface mixing, but no
significant change in its position. Accordingly, the seasonal cycle of wind stress does not
appear to be a determining factor in establishing the main features of the seasonal cycle of
the water properties within the estuary.

Lateral mixing which is included here for reasons of numerical stability and is dependent
on model resolution, can produce spurious diapycnal mixing. In the POM, the “horizontal
mixing” is along the sloping sigma levels and may lead to diapycnal mixing where density
surfaces intersect sigma levels (Mellor and Blumberg, 1985). An additional experiment
was performed to examine the sensitivity of the model results to the choice of the
coefficient (HORCON) governing the Smagorinsky diffusivity parameterization (Smagor-
insky, 1963). In the reference experiment HORCON was set to a relatively small value of
0.03. The reference case was repeated but with the value of HORCON doubled to 0.06. The
change in HORCON mostly affects subsurface salinity values within the Strait of Georgia
(Fig. 12c). The larger HORCON value leads to increased mixing of the deep estuarine
return flow entering the Strait of Georgia with the upper fresher layer. This occurs over the

Figure 15. Along-strait section of salinity averaged over the last 5 days of the 50-day period of
Figure 14, for the basic experiment (a), and for the case without tidal forcing (b).

2004] 513Masson & Cummins: Straits of Georgia & Juan de Fuca seasonal variability

Figure 1.15: Salinity for two model
runs, one with and the other without
tides [?].

estimate the volume of the estuary to answer this questions. Rough
numbers are fine, based on the figures above.
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harmonic analysis, but retaining longer sub-diurnal components. A low-passed version of
the residual is also included in Figure 11. Particularly evident is the fortnightly variability
of the deep current induced by the tidally modulated mixing over the shallow sills (e.g.
Webster, 1977; Masson and Cummins, 2000). The velocities are also modulated on an
annual cycle by the change in buoyancy forcing, with values varying from a maximum of
20 cm s!1 in summer down to about 10 cm s!1 during winter, as evidenced by the low-
passed time series (full line).

Figure 11b gives daily average transport, computed from de-tided hourly model
velocities obtained in the second and third year of the basic experiment. Transport values
have been estimated across a section located in central Juan de Fuca Strait and near the

Figure 10. Observed (a) and modeled (b) seasonal cycle of vertical salinity profile averaged over the
Haro Strait area.

506 [62, 4Journal of Marine Research

Figure 1.16: Time evolution of observed
and modeled salinity in Haro Strait [?].
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Box 1.4.1: Practice questions (not the exercise!)

Some students are not comfortable with volume and mass
balances. If that is the case, try some extra practice questions
below. Please ask me if you need more help with these!

• Suppose the water level of a straight-sided pool is observed
to rise at 0.01 m/s, and has a surface area of 50 m2. There is
one hose filling it with speed 4 m/s and cross-sectional area
0.01m2, and a second hose filling it with a cross sectional
area of 0.02m2. What is the flow speed in the second hose?

• Suppose a pipe has a diameter of 0.1 m and a flow speed of
1 m/s. If the pipe narrows to 0.05 m what is the flow speed
at that part of the pipe (in steady state)?

• Suppose there is a vat with 200 g/m3 solution of chlorine
being fed into the pool through a hose with diameter 0.1
m at a rate fast enough to replace evaporative losses in the
pool of 0.01 m3/s. What is the transport of chlorine into the
pool?

• If the average concentration of chlorine in the pool is ini-
tially 50 g/m3 and 1000 s later is measured to be 55 g/m3,
what is the volume of the pool?

1.5 Example problems

These problems give more practice with the ideas above.

1. A river delivers freshwater to an estuary at R = −500 m3 s−1

(recall our sign convention: transport into the estuary is negative).
At the mouth, the outflowing surface layer has salinity So = 15 psu
and the inflowing bottom layer has salinity Si = 32 psu.

• Write down the volume and salt budgets for the estuary.

• Solve for the inflow Qi and outflow Qo (in m3 s−1).

• How many times larger is the outflow than the river flow itself?
This ratio is a rough measure of how much mixing is going on
in the estuary.

2. Two estuaries are fed by the same river, R = −1000 m3 s−1, but
have different exchange flows: estuary A has So = 5 psu and
Si = 30 psu (strongly stratified, salt-wedge-like), while estuary B
has So = 20 psu and Si = 30 psu (well mixed). Use the Knudsen
relation to find Qi for each estuary, and say which one has the
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stronger exchange flow. Does this match your intuition about
mixing and exchange flow from the text?

3. A fjord has a volume of V = 5 × 108 m3. Over a survey, the inflow
is measured at Qi = 2000 m3 s−1 with Si = 31 psu, and the outflow
at Qo = 2200 m3 s−1 with So = 28.5 psu.

• Is this fjord in a salt-conservation steady state? If not, is its
average salinity increasing or decreasing, and at what rate (in
psu s−1)?

• Roughly how long would it take to change the average salinity
by 1 psu at this rate?

4. A vat used to model an estuary has three hoses: hose 1 delivers
fresh water (S1 = 0 psu) at q1 = 0.05 m3 s−1, hose 2 delivers salty
water (S2 = 35 psu) at q2 = 0.02 m3 s−1, and hose 3 is the only
outflow. The vat is well-mixed and in steady state.

• What is the flow q3 out of hose 3?

• What is the salinity of the water leaving through hose 3?

• Which inflow hose is playing the role of the river, and which is
playing the role of the ocean inflow in a real estuary? What is
missing from this vat model that a real estuary has (hint: think
about how many layers the outflow needs)?

5. Consider a fjord with a long, shallow sill. Sketch the exchange
flow through the sill during spring tide and during neap tide,
being sure to indicate the river and ocean sides of the fjord.

• Indicate the flow directions at each tide.

• Which tide has the stronger net (tide-averaged) exchange flow?

• Which tide is more likely to produce a deep-water renewal
event, and why?

6. Two estuaries have the same geometry, river input, and ocean
forcing, but one has relatively weak mixing and the other very
strong mixing.

• Sketch what the isohalines might look like in each estuary
(make the difference clear, and make sure the isohalines you
draw are physically realizable).

• Sketch the exchange flow in each estuary, and indicate which
one has the stronger exchange flow.
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