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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.
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Geostrophic balance and coastal flow

deflected the surface coastal current offshore.
Brickley and Thomas (2004) also note the impact
of eddies on chlorophyll distribution in the margin
of the Gulf of Alaska.

The seaward transport by outer rings can be
swift. The speed of this transport can be evaluated
using drifter measurements in Haida-2001b in
June and July 2001, which revealed speeds of
0.25m s!1 at 50 km from the centre, in the outer
rings of the eddy (Yelland and Crawford, 2005).
At this speed, entrained coastal water could be
carried through one-half cycle and 100 km seaward
in just six days, within the lifetime of zooplankton
and eggs and larvae, and within a few lifetimes of
phytoplankton. Mackas and Galbraith (2002) and
Batten and Crawford (2005) have observed coastal
zooplankton in Haida eddies far offshore, and
Perry (personal communication, 2002) has ob-
served fish larvae of coastal origin in a Haida eddy.
Clearly, one can expect Haida eddies to carry live
coastal species to Bowie Seamount (531180N,
1351370W) and nearby seamounts through spring
to autumn, and possibly into winter, although our
coverage here does not include winter months.

Fig. 5 presents a single-swath SeaWiFS image
for 13 June 2002 that illustrates advective pro-
cesses well. This figure presents a sub-region of the
largest cloud-free SeaWiFS image of many years,
no doubt due to a massive high-pressure system
over the eastern gulf at that time. On this day the
central regions of both Haida-2002a and Sitka-
2002 again contained higher chlorophyll levels
than found in nearby deep-ocean water. This
second spring maximum in chlorophyll can be
found in time series of Figs. 3c and 3d. These
Haida and Sitka eddies straddled the transition
region between relatively low-chlorophyll oceanic
water and higher-chlorophyll coastal water. Sev-
eral offshore-directed jets (labelled j) are visible in
this image. The jet near Sitka-2002 distorted the
eddy along its eastern side and carried some high-
chlorophyll eddy water away in its associated
clockwise (c) and anticlockwise (a) eddies. Both
the jet and Sitka-2002 carried high-chlorophyll
surface waters, and their interaction stirred these
waters through the region. One jet flowed offshore
to the south of Haida-2002a and could be the
major source of high chlorophyll in Haida-2002a

in late spring. Another type of eddy-jet interaction
is found in Haida-2002c. This relatively weak
anticyclonic flow had pushed the jet to the south
and distorted its cyclonic and anticyclonic eddies.

4.3. Mixing and advection up into eddy centre

By late summer all surface nutrients in eddy
centres are low (PWH), but within the eddy core
below the surface mixed layer exist sufficient
micro- and macro-nutrients needed to begin and
sustain an autumn phytoplankton bloom caused
by mixed layer deepening during storms. Mid-gulf
surface waters outside eddies often lack sufficient
iron to sustain such a bloom. Therefore, one
expects isolated phytoplankton blooms in eddy
centres in September if eddies are far offshore,

ARTICLE IN PRESS

Fig. 5. SeaWiFS image of ocean colour near the Queen
Charlotte Islands on 13 June 2002 with overlain black SSHA
contours at 4 cm intervals. Features in the colour image denoted
a and c are smaller cyclonic and anticyclonic eddies respectively,
associated with jets j directed away from shelf waters. Eddies in
image: (A): Haida-2002a; (B): Haida-2002b; (C): Haida-2002c;
(D): Sitka-2002. Colours have been adjusted to bring out flow
features and do not correspond to the chlorophyll-a scale in
Fig. 2. Black regions denote clouds or regions with no data.

W.R. Crawford et al. / Deep-Sea Research II 52 (2005) 975–989 987

12.1 Geostrophic balance

The second balance that involves the Coriolis force is the Geostrophic
balance, and is when the Coriolis force is in “balance” with the pres-
sure gradient:

du
dt

=

geostrophic︷︸︸︷
− 1

ρ0
dP
dx + f v + 1

ρ
dτxz
dz︸︷︷︸

Ekman

(12.1)
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Figure 12.1: Sketch of geostrophic force-
balance for a sea-level high and a sea-
level low in the northern hemisphere,
looking from above, and from the south
for the high. The flow will be clockwise
around a hight and counter-clockwise.

dv
dt

=

geostrophic︷︸︸︷
− 1

ρ0
dP
dy − f u + 1

ρ
dτyz
dz︸︷︷︸

Ekman

(12.2)

http://en.wikipedia.org/wiki/Geostrophic_balance
http://en.wikipedia.org/wiki/Geostrophic_balance
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in which case the equations of motion simplify to:

− 1
ρ0

dP
dx

≈ − f v

− 1
ρ0

dP
dy

≈ + f u

In the northern hemisphere ( f > 0) this says that water turns to the
right as in moves from high pressure to low. This gives a clockwise
circulation around an isolated high, or a counter-clockwise around an
isolated low (figure 12.1)

Crucially, if we know the pressure gradient, we can directly cal-
culate the geostrophic flow perpendicular to that pressure gradient
from the equations above. So, suppose the high in the cover figure is
16 cm, over 100 km. The pressure difference due to this flow gives us
an estimate of the velocity (assuming f = 10−4 rad s−1)

|u| =
∣∣∣∣ 1

f ρ

dP
dx

∣∣∣∣ = 1
f ρ

∆P
∆x

=
g
f

ηC − ηE
∆x

≈ 0.16 m s−1 (12.3)

The equation applies everywhere in the fluid, and is only made
complex by the presence of water with different densities making the
flow have a pressure gradient that changes with depth. An obser-
vation of this can be seen in figure 12.2, where there is a sea-surface
high in the middle, but the pressure gradient inside the eddy is the
other direction. This causes the pressure gradient force to decrease
with depth, and hence the geostrophic flow decays with depth as
well.

Structure of Haida Eddies and Their Transport of Nutrient from Coastal Margins into the NE Pacific Ocean 721

greater than eddy volumes. We envision a flow through
this coastal region that persists over several months to
create Haida eddies. En route, waters would be enriched
with nutrients (and warmed) while crossing the large area
of continental shelf. We expect that this offshore flow
would affect the reproductive success of any organisms
that were planktonic between November and February.

4.2  Nutrient transport in Haida-1998
Evidence we have collected from our surveys sug-

gest that nutrient loss from Haida eddies occurs through
several processes. There is undoubtedly a spring bloom
brought about by increased surface layer stratification and
solar radiation some time shortly after these eddies leave
the coast, since sampling in June 2000 found Haida-2000
nitrate depleted in the upper 30 m. Subsequently, nutri-
ents are supplied from below, possibly due to frictional
decay of the eddy (Franks et al., 1986), storm events
(Woodward and Rees, 2001; Zhang et al., 2001), and other
processes by which vertical mixing is enhanced (e.g.
Yentsch and Phinney, 1985; Martin and Richards, 2001).
The presence of a biomass ring around Haida-1998 in
summer, on a single density layer, suggests that nutrient
supply along density surfaces increases productivity at
the base of the euphotic zone.

Through winter, storms mix the fresh surface layers
in these eddies, so that by February 1999, Haida-1998
was ventilated to a depth of 140 m (Fig. 8). Over the next
few months, isopycnal surfaces rose in this eddy, and by
June 1999 it no longer contained any excess volume of
water of salinity <32.9. A sea level altimetry signal per-
sisted one year longer.

We estimate the amount of macro-nutrient that is
carried from shore and released from Haida-1998 either
into the euphotic zone or surrounding waters over time
(Table 1). Such an estimate is not relevant for eddies that
track west to northwest since they enter the relatively
nutrient rich waters of the Gulf of Alaska (Figs. 1 and 4).
However, micro-nutrient transport should then become
important. The HNLC waters of the NE Pacific are known
to be iron and zinc depleted, elements which coastal ar-
eas contain in abundance (Martin et al., 1989; Boyd et
al., 1996; Nishioka et al., 2001; Lohan et al., 2002).

Nutrient loss rates are calculated in eddy waters of
salinity <32.9 that supply the mixed layer (approximately
equal to sigma-t of 25.6), and those of salinity 32.9 to
33.9 (sigma-t ~25.6 to 26.8) that deposit nutrients into
the pycnocline where they will be available to the upper
ocean over time. Since phosphate recycles much the same
as nitrate ( NO3: PO4 of 16:1 is consistent in this study)
and has not been implicated as a controlling nutrient in
the subarctic Pacific, transport of nitrate and silicate only
are calculated. These results show a persistent decline in
nitrate and silicate both through the growing season and
in winter when storms expose eddy core waters to sur-
face storms. Through summer, the removal of 1.0 mmol
NO3 m–2 from the eddy center, when averaged over the
observation period (180 d), results in a loss rate of 5.6
mmol m–2d–1. This is ~3 times greater than the seasonal
nitrate uptake rate estimated at Station Papa or at station
P16 near where Haida-1995 and 1998 were sampled in
late summer (Wong et al., 1995; Whitney et al., 1998;
Whitney and Freeland, 1999). Nutrient loss from eddy
waters continues through the following winter and spring,
so that low salinity waters have similar nutrient levels to
the surrounding ocean by June 1999 (Fig. 5). At depth,
Haida-98 still retained a core of nutrient rich water with
nitrate levels 3 μM higher than ambient, which presum-
ably continued to enrich the pycnocline with coastal nu-
trients as the eddy decayed.

The Si:N uptake ratio of 3.1 observed over the sum-
mer period in Haida-1998 is much higher than the ratio
of 1.0 measured by Brzezinski (1985) for cultured ma-
rine diatoms. Such proportionally high silicate utilization
suggests that diatom growth in eddies is strong and that
nitrogen is efficiently recycled to stimulate further silica
uptake. Takeda (1998) observed high silicate utilization
in low iron conditions, but Si:N ratios under iron stressed
conditions at Station Papa result in seasonal Si:N uptake

Fig. 8.  Density structure (sigma-t) of Haida-1998 in Septem-
ber 1998, with estimates of the degree of isopycnal rebound
between September 1998 and June 1999 for the 25.4 layer
which sits near the base of the winter mixed layer, and 26.8
layer which is the maximum density at which anomalous
water properties are seen. Outward-directed arrows show
the path of water loss from the eddy core.

Figure 12.2: Observations of density
inside an Eddy. Note how the density
contours tend to counteract the high
sea-surface height. Blue circles with
crosses are into the page, and with
dots are out of the page, and the size
is sketched to be proportional to the
speed of the flow.

As discussed in chapter 2, calculating the pressure gradient is
simply a matter of calculating the pressure at two locations, and
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differencing, where the pressure is given by:

P(z)/ρ0 =
1
ρ0

∫ η

z
ρg dz ≈ gη +

1
ρ0

∫ 0

z
ρg dz (12.4)

So imagine one flank of the eddy, and that the eddy is made of two
densities ρ1 < ρ2 (figure 12.3). In the upper layer

− 1
ρ0

dP
dx

(z = z1) = − 1
∆x

g(ηB − ηA). (12.5)

In the lower layer, things are a bit more complicated, so we just do it
step by step:

PA(z = z2) = ρ1g(ηA − ZA) + ρ2g(ZA − z2) (12.6)

PB(z = z2) = ρ1g(ηB − ZB) + ρ2g(ZB − z2) (12.7)

So the total pressure gradient in the lower layer is approximated as

− 1
ρ0

PB − PA
∆x

=

Sur f ace︷ ︸︸ ︷
− 1

∆x
g(ηB − ηA)−

Internal︷ ︸︸ ︷
1

∆x
g
(ρ2 − ρ1)

ρ0
(ZB − ZA) (12.8)

According to the geostrophic balance, then, the flow in the upper
layer is into the page, and the one in the bottom layer is either into
the page, but more slow, or even out of the page.

12.1.1 Thermal wind

The example above makes it clear that lateral density differences can
drive velocity differences in the vertical if the flow is in geostrophic
balance. This can easily be extended to the continuous case with
some manipulation of the momentum equations. If we take the verti-
cal derivative of the x- and y-momentum equations we arrive at:

− 1
ρ0

d2P
dxdz

= − f
dv
dz

(12.9)

− 1
ρ0

d2P
dydz

= f
du
dz

(12.10)

but P =
∫ η

z ρgdz, so we get the thermal wind relation.

− 1
ρ0

dρ

dx
= − f

dv
dz

(12.11)

− 1
ρ0

dρ

dy
= f

du
dz

(12.12)

so, if we know the horizontal pressure gradient, we can immediately
say how the velocity changes with depth (though we do not know the
absolute velocity).

http://en.wikipedia.org/wiki/thermal_wind
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Figure 12.3: Two-layer approximation of
pressure gradients in an eddy.

12.1.2 Level of no motion and “dynamic height”

Back in the pre-satellite days, all oceanographers would have would
be measurements of the density under the ocean, like those in fig-
ure 12.2. Estimating the sea-surface height was impossible; imag-
ine detecting 15 cm over 100 km in an ocean that is otherwise also
moving due to tides, surface waves, relative to a poorly-constrained
geoid. However, oceanographers noted that most ocean currents, like
the eddy, had tilted density surfaces, and that the currents at depth
go to approximately zero.

Under these assumptions, oceanographers would assume that
the pressure gradient at a “level of no motion” was zero, so that the
geostrophic flow was zero there as well. In order to get this level of
no motion the pressure gradients inferred from the interior density
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measurements were assumed to be balanced by a pressure gradi-
ent from the surface at that depth. So, for instance, in the simple
two-layer case the equation (12.8), the Surface term was equal and
opposite in sign to the Internal term, if the deep layer was assumed
to be not moving. Note that this allows an estimate of the surface
pressure gradient, and using the geostrophic balance, the surface ve-
locities. This surface pressure gradient is of course supplied by the
sealevel interface being tilted, and calculating these gradients is like
calculating a “dynamic height” of the ocean.

An example in figure 12.4, calculated in the 1980s looks strikingly
similar to the sea surface heights in chapter 10. In particular, where
there is Ekman convergence in the subtropics there is a high of up
to 2 m, and a low in the sub-polar regions where there is Ekman
divergence. The highs and lows are displaced to the west sides of
the basins. The steepest change in dynamic height correspond to
the strongest currents, again largely concentrated on the west side
of the basins, and associated with the Gulf Stream, Kurishio, East
Australian current etc.

Just to summarize again how this is done:

1. An interior pressure gradient is calculated at two “stations” as
a function of depth using the density data from CTDs or other
measurements.

2. At a “depth of no motion” the pressure gradient is assumed to be
zero, so a surface pressure gradient is added to the two points to
make that be the case.

3. If there are multiple stations in a line the surface pressure gradient
is integrated to make a dynamic height with an arbitrary zero at
some location.

We will come back to why the dynamic height looks the way it
does in the next chapter.

12.2 Coastal upwelling, complete picture

Using the Ekman and geostrophic balances we are now in a position
to explain the coastal upwelling example in detail (i.e. figure 10.3,
one snapshot in detail in figure 12.5).

First, the wind starts to blow towards the south; this sets up a
southwards windstress τw

y (figure 12.6, red circle). When this flow is
in a steady-state Ekman balance there will be an equal and opposite
Coriolis force to the north (figure 12.6, magenta circle). That implies
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an offshore Ekman transport to the west given by

uEkD =
τw

y

ρ0 f
(12.13)

The offshore Ekman transport drops the sealevel at the coast (fig-
ure 12.7, surface interface). This creates a surface pressure gradient
force that acts to push water back towards the coast (figure 12.7,
red arrow). Again, in steady state geostrophic balance, the pressure
gradient force is balanced by a Coriolis force offshore, which must
be generated by a geostrophic velocity to the south. Note that this
evolves in time with the deep water initially moving onshore, but
then being turned south (to the right) by the Coriolis force.

At this point the flow cannot be in steady state because we are
transporting water offshore in the surface Ekman layer, but not hav-
ing any onshore transport to replace it. Without this return flow,
the sea surface will continue to increase its tilt. The return flow
happens in the bottom Ekman layer. The interior geostrophic flow
moves south, so there is a corresponding bottom stress to the north
τB

y (figure 12.2, red circle at bottom). In a steady Ekman balance, this
implies a Coriolis force to the south, which implies a net Ekman
transport onshore (figure 12.2, blue arrows, bottom), given by

uEkD =
τB

y

ρ0 f
(12.14)

The offshore Ekman transport drops the sealevel at the coast (fig-
ure 12.2)

When is the whole flow balanced? When τB = τW so that the
transport in the bottom Ekman layer is the same as the transport in
the surface Ekman layer. So, if we know the wind stress, and have
a good estimate of the bottom drag co-efficient, CD ≈ 10−3, then
we can guess what the mean geostrophic velocity is, and hence the
size of the sea surface tilt. For the Oregon shelf, τW

y ≈ −0.15 N m−2

(minus means to the south). Than means that the geostrophic velocity
vg ≈ 0.35 m s−1 in order for ρ0CD|vg|2 to be large enough to provide
the bottom stress to match. This is approximately the same as the
observations near the bottom.

We can further calculate the sea-surface height drop across the
20-km width of the shelf from g dη

dx = f vg or ∆η = 0.08 m across the
shelf.

12.2.1 Internal dynamics on shelf

The final thing we notice about the shelf observations is that the flow
is slower towards the sea-floor than at the surface. This is also largely

http://en.wikipedia.org/wiki/drag_co-efficient
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explained by the geostrophic balance. Note that the isopycnals tilt up
towards the coast, counteracting the surface pressure gradient (also
sketched in figure 12.8). This means that the surface tilt is actually
larger than we calculated above if the bottom velocity is to remain
0.38 m s−1, leading to faster velocities near the surface.
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pdf version 1.1 (October 2004)

Ekman transport and Sverdrup balance 47

Fig.!4.5. Depth-integrated steric height P, from the left side of the Sverdrup relation (eqn
(4.5)), using the data from Levitus (1982), for a depth of no motion of 1500!m. Units are
103 m2.

Fig.!4.6. Depth-integrated steric height P, from the left side of the Sverdrup relation (eqn (4.5)),

using the data from Levitus (1982) for a depth of no motion of 2500!m. Units are 103 m2.
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Fig.!4.5. Depth-integrated steric height P, from the left side of the Sverdrup relation (eqn
(4.5)), using the data from Levitus (1982), for a depth of no motion of 1500!m. Units are
103 m2.

Fig.!4.6. Depth-integrated steric height P, from the left side of the Sverdrup relation (eqn (4.5)),

using the data from Levitus (1982) for a depth of no motion of 2500!m. Units are 103 m2.

Figure 12.4: Dynamic height with a
level of no motion at 1500 m (top)
and 2500 m (bottom). Note these are
quite similar, strongly indicative that
the dynamics are largely above these
depths.

wind-driven circulation overview 161

Figure 3. (continued)

C10S09 PERLIN ET AL.: BOTTOM BOUNDARY LAYER RESPONSE

5 of 13

C10S09

Figure 8.4: As in figure 8.3. Note the
wind reversal and then resumption of
wind blowing to the south.

Figure 12.5: Data from figure 10.3.



geostrophic balance and coastal flow 233

Figure 12.6: On a continental slope,
initially at rest, a wind stress blows
from north to south (dotted red circle)

Figure 12.7: After the Ekman transport
has been active for a while, the sea level
drops at the coast (green surface), and
an interior geostrophic balanced flow is
set up.

Figure 12.8: Sketch of pressure gradient
changes if there are titled isopycnals
(cyan line) in the section, as observed
in the coastal data. The tilted isopycnal
counteracts the surface tilt, slowing the
barotropic flow.
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12.3 Exercises

Geostrophic balance two stations Calculate the geostrophic flow at two
stations 50 km apart, assuming f = 10−4 rad s−1. Approximate the
density measured at each location as 50-m blocks of homogeneous
density:

z [m] ρA[kg m−3] ρB[kg m−3]

0–50 1021 1020
50–100 1022 1021
100–150 1025 1022
150–200 1026 1023

• If the surface pressure gradient is zero, what is the internal pres-
sure gradient at 50, 100, 150, and 200 m? (do not drop too many
decimal places!)

• What is the direction and strength of the geostrophic velocity at the
4 depths?

• If there is a surface pressure gradient, what must its direction and
strength be so that the geostrophic flow is zero at 200 m?

• How large must the surface difference be at the two stations?

• What is the new flow at the other depths in the presence of this
surface gradient?

Geostrophic flow Gulf Stream Consider the temperature section across
the Gulf Stream (figure 12.9). Assuming a level of no motion at ap-
proximately 1500 m, what does

• the sea-surface tilt look like?

• the interior velocity look like (just a sketch)?

• where would you expect the Gulf Stream to be the fastest?
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Figure 12.9: Location of measurements
in the Gulf Stream, and plot of tempera-
ture across the section [?].
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