
J O DY M . K LY M A K

I N T R O D U C T I O N T O P H Y S -
I C A L O C E A N O G R A P H Y

U N I V E R S I T Y O F V I C T O R I A



Copyright © 2026 Jody M. Klymak

published by university of victoria

/

Licensed under the Apache License, Version 2.0 (the “License”); you may not use this file except in com-
pliance with the License. You may obtain a copy of the License at http://www.apache.org/licenses/
LICENSE-2.0. Unless required by applicable law or agreed to in writing, software distributed under the
License is distributed on an “as is” basis, without warranties or conditions of any kind, either
express or implied. See the License for the specific language governing permissions and limitations under
the License.

First printing, September 2026

http://www.apache.org/licenses/LICENSE-2.0
http://www.apache.org/licenses/LICENSE-2.0


Contents

I Overturning circulations 10

1 Estuaries 11

1.1 Pressure differences 12

1.2 Estuarine Flow 13

1.2.1 Salt-wedge estuary 13

1.2.2 Fjord-type estuary 13

1.2.3 Flood-plain estuaries 14

1.2.4 Time-dependence 16

1.2.5 Topographic blocking (mostly in fjords) 19

1.3 Quantifying the Circulation: Knudsen Relation 19

1.3.1 The Conservation of Volume 20

1.3.2 Conservation of salt 20

1.3.3 Application to Estuaries: The Knudsen Relation 21

1.4 Exercise 23

1.5 Example problems 26

2 Equation of State and Pressure Gradients 28

2.1 Temperature 28

2.1.1 Measurement 29

2.1.2 In-situ and potential temperature 30

2.2 Salinity 31

2.2.1 Measurement 32



4

2.3 Pressure 32

2.3.1 Measuring pressure 33

2.4 Calculating density 34

2.4.1 Density relation 35

2.4.2 Potential density 35

2.4.3 Cabbeling 37

2.5 Other seawater properties 38

2.5.1 Sound 39

2.5.2 Light transmission 39

2.5.3 Ice 40

2.6 Pressure Gradients 40

2.6.1 Hydrostatic Pressure 41

2.6.2 Single density fluid 41

2.6.3 Two-density fluid 42

2.7 Pressure gradients 43

2.7.1 Surface pressure gradients 43

2.7.2 Internal pressure gradients 44

2.8 Exercise 47

2.9 Example problems 47

3 Heat and Salt fluxes 49

3.1 Surface heat fluxes 49

3.1.1 Incoming shortwave radiation 50

3.1.2 Longwave radiation (back radiation) 58

3.1.3 Sensible heat transfer 58

3.1.4 Latent heat losses 59

3.1.5 Integrated Surface Heat Fluxes 61

3.2 Surface freshwater fluxes 62

3.2.1 Evaporation and precipitation patterns 64

3.3 Conservation of mass, contaminants (and heat) in the ocean 66

3.3.1 Conservation of water mass and volume 66

3.3.2 Advective transport and flux 68



5

3.4 Diffusive fluxes and transports 71

3.5 Net flux: advection plus diffusion 72

3.5.1 Turbulent diffusivities 74

3.5.2 Turbulent diffusion 75

3.6 Exercises 77

3.7 Example problems 79

4 Ocean Stratification and the Mixed Layer 82

4.1 Vertical structure of the ocean 82

4.2 Buoyancy frequency 83

4.3 Overturns 84

4.4 The surface mixed layer 85

4.4.1 Seasonal and diurnal cycles 88

4.4.2 Global mixed layer depths 90

4.5 Restratification of the mixed layer 91

4.6 What maintains the deep stratification? 91

4.7 Exercises 91

5 Ocean water masses 94

5.1 Surface distributions of temperature and salinity 95

5.2 Meridional sections 96

5.3 Vertical structure and θ-S diagrams 99

5.4 Summary 105

5.5 Exercises 107

5.6 Example problems 108

6 Thermohaline overturning circulation 110

6.1 Inferring the overturning circulation from other tracers 111

6.1.1 Bio-active tracers 111

6.1.2 Radioactive and tracers from the crust 114

6.1.3 Man-made tracers 117



6

6.2 Deep water formation processes 121

6.2.1 Antarctic Bottom Water 121

6.2.2 North Atlantic Deep Water 122

6.3 Inferring the strength of the overturning circulation from data 123

6.3.1 How to make an inverse calculation 127

6.3.2 Inverse results 130

6.4 Theory of overturning circulation and Sandstrom’s theorem 133

6.5 Exercises 136

6.6 Example problems 137

7 Climate Change; The Effect on the Overturning Circulation and Sea Level 140

7.1 Effect of melting on the overturning circulation 140

7.2 Sea level change 144

7.2.1 Land-fast ice 145

7.2.2 Thermal expansion (steric change) 146

7.3 Future sea level rise 146

7.4 Other reading 147

II Waves and Tides 150

8 Surface gravity waves 151

8.1 Characterizing waves 152

8.2 Causes 153

8.3 Dispersion relation, phase speed, and particle motion 155

8.4 Orbital motions: velocity of water parcels 156

8.5 Group speed 158

8.6 Energy conservation 163

8.7 Refraction and diffraction 164

8.8 Non-linearity 166

8.9 Exercises 167



7

9 Tides 170

9.1 Tidal example and describing tides 170

9.2 Tidal forces: Gravity and centrifugal forces on co-orbiting bodies 171

9.3 The reason for various tidal frequencies 175

9.3.1 Twice a day tides 176

9.3.2 Daily tides (diurnal): Tides due to non-equatorial orbits 178

9.3.3 Longer period tides 180

9.4 Dynamic theory of the tides 181

9.4.1 Tidal Resonance 181

9.4.2 Frictional effects 183

9.4.3 Global response 183

9.5 Exercises 185

9.6 Example problems 186

III Wind-driven circulations 187

10 Wind-driven circulation overview 188

10.1 Coastal upwelling 188

10.2 North Pacific observations 193

11 Coriolis force and Ekman Balance 206

11.1 Quick review of forces and apparent forces 206

11.2 Centrifugal and Coriolis forces 208

11.2.1 Centrifugal force 208

11.2.2 Coriolis force 210

11.3 Friction force 214

11.3.1 External stresses 215

11.4 Ekman balance 216

11.4.1 The Ekman spiral: fact and fiction 218

11.5 Ekman convergence and divergence 220

11.6 Exercises 223

11.7 Example problems 224



8

12 Geostrophic balance and coastal flow 225

12.1 Geostrophic balance 225

12.1.1 Thermal wind 227

12.1.2 Level of no motion and “dynamic height” 228

12.2 Coastal upwelling, complete picture 229

12.2.1 Internal dynamics on shelf 230

12.3 Exercises 234

13 Sverdrup balance and basin-scale circulation 236

13.1 Circulation 237

13.2 Conservation of potential vorticity 238

13.3 Sverdrup transport 240

13.3.1 Alternative derivation: Ekman pumping 242

13.4 Return flow 244

13.5 Example problems 245



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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Wind-driven circulation overview

As discussed the overturning circulation is rather weak in the global
ocean, but is very important for the climate as that is how deep water
stores heat and carbon. However, the major ocean currents (other
than tides) are typically driven by the winds.

This chapter provides some data with minimal discussion that
shows two example flows that we are interested in for the following
chapters. The first is wind blowing along a coast. Such a wind drives
coastal upwelling and downwelling and is very important for the
ecosystem of the coast. The second is the large-scale circulation of the
North Pacific basin.

10.1 Coastal upwelling
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BBL and an estimate of bottom stress from our turbulence
measurements, we test the alongshore momentum balance
in the BBL.
[5] The observational site and overview of the data are

presented in the next two sections, followed by a description
of both the vertical and cross-shelf structure of the BBL. We
then estimate (both kinematically and dynamically) the
cross-shelf motion of near-bottom fluid in the BBL in
response to variations in alongshore current. This is fol-
lowed by an extended test of the Ekman balance in the BBL
over a 3 month period using moored observations. Other
contributions to the alongshore momentum are considered
in the discussion.

2. Experimental Details

[6] Our observations were made in late spring 2001 from
the R/V Thomas G. Thompson as part of a larger field
experiment (Coastal Ocean Advances in Shelf Transport
(COAST)). During this experiment, twelve detailed trans-
ects were repeated over a period of 8 days across a line
directly offshore (west) from Cascade Head (45!003000). The
transects extended from the 30 m depth contour to the shelf
break at about 190 m depth (25 km offshore (Figure 1)).
[7] Velocity data were collected using 150 kHz shipboard

acoustic Doppler current profiler (ADCP), sampled at 5 s
and 4 m depth bins, and subsequently averaged over 3 min.
Good velocity data is in the range from 20 m below the
surface to about 85% of the water depth. Wind data from

shipboard sensors as well as winds from the Stonewall Bank
wave buoy (NDBC buoy 46050 (Figure 1)) were used for
computations of wind stress. The wave buoy data are used
here to describe the wind history in the days prior to our
arrival at the observation site. Ship winds are used for all
other purposes.
[8] Vertical profiles were made using our loosely tethered

turbulence profiler, Chameleon. Deployed with a bottom
crasher to prevent probe damage in collisions with the
bottom, we routinely profiled Chameleon into the bottom,
permitting profiles to within 2 cm of the seabed. Chameleon
has sensors to measure pressure, acceleration, temperature,
conductivity, turbidity (880 nm backscatter), and micro-
structure shear (using airfoil probes). A detailed description
of Chameleon and how the data is processed to estimate the
turbulent kinetic energy dissipation rate, e, from velocity
microstructure shear can be found in the work of Moum et
al. [1995].
[9] Our typical mode of operation was to cross the shelf

from the inshore side. Because we operated simultaneously
with a continuously profiling pumped system, the ship was
oriented so as to prevent crossing of the two wires. This
typically required pointing the ship into the wind or current.
With prevailing northerlies and a southward surface current,
we crabbed across the shelf, moving west while heading
west of north. Cross-shelf transit speeds were in the range
1–1.5 kts. At our mean profiling speed of 1 m s!1, we made
profiles at less than 2 min intervals inshore (75 m horizontal
separation) and about 6 min intervals offshore (200+ m
horizontal separation). While in situ profiling measurements
were only made while moving offshore, continuous ADCP
measurements provided snapshots of the velocity field as
we repositioned to our inshore starting point (at 10 kts).

3. Overview

[10] A record of wind stress from the period 6 days
preceding and during our measurements is shown in
Figure 2 (NOAA wave buoy data is used here to show
wind stress). Strong, southerly (downwelling-favorable)
winds prior to our arrival yielded to northerlies (upwelling-
favorable) by the time we began our observations on 19May.
Winds remained northerly for 3.5 days, slackening and
turning to weak southerly for 2 days before returning again
to moderate upwelling-favorable winds for 2.5 days and
again slackening. This timely sequence permitted us the
opportunity to obtain detailed observations of the cross-shore
structure of velocity, density, and turbulence through one
complete and one partial upwelling-relaxation cycle.We have
assigned a time base of hours relative to the beginning of our
observations to each transect to guide in the description of the
time sequence of events. This is noted at the top of Figure 2.
[11] Upwelling-favorable winds had been developing and

building 2 days prior to the beginning of our observations
(Figure 2, from the Yaquina Bay wave buoy). By the time of
our first transect (0 hours), a strong southward surface
current extended across the shelf (Figure 3). The surface
current subsequently strengthened and shifted offshore
(+24 hours) and back onshore (+64 hours). Superimposed
on the wind-driven currents were tidal currents that are
spatially and temporally aliased by our sampling scheme.
Moored records [Boyd et al., 2002] indicate that the cross-

Figure 1. Bathymetry of the central Oregon coast. The
dark line indicates the location of 12 transects made over the
period 19–28 May 2001. Locations of the Stonewall Bank
wave buoy and mooring are noted.
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Figure 10.1: Location of coastal observa-
tions. A ship transited the line at 45 N
repeatedly over an 8-day period.

shore component of the flow is highly baroclinic, of mag-
nitude 0.1 m s!1 and predominantly tidal. Once upwelling
winds had weakened (+85 hours) the surface current relaxed
and a northward-flowing undercurrent appeared offshore
of 20 km, extending across the shelf between +85 hours
and +98 hours, appearing only inshore at +98 hours and
+118 hours. With the resumption of upwelling winds, the
southward surface current reestablished itself.
[12] An important aspect of the variations in the cross-

shelf structure of the density during this progression of
states from upwelling to relaxation and back to upwelling is
the upslope advance and downslope retreat of the near-
bottom fluid. This is illustrated in Figure 3 by the thick
near-bottom isopycnal (sq = 26.6; sq is potential density).
The intersection of this isopycnal with the bottom marks the
shoreward extent of near-bottom fluid with sq " 26.6. This
dense, near-bottom fluid advances upslope during upwel-
ling (at both the beginning and the end of our observation
period) and retreats back down the slope with the cessation
of upwelling winds.
[13] Turbulence (as indicated by e in Figure 3) is high

near the bottom, inshore and, more intermittently, in the
interior. The location of high BBL turbulence varies across
the shelf. Generally (but not always), high near-bottom
turbulence is associated with high near-bottom currents.
The integrated dissipation rate (vertical and cross-shelf) is
shown in the bar plots inset in the e image plots; the
highlighted bar represents the current transect. To exclude
the influence of ship wake on turbulence, the surface 20 m
are not included in the integration. The integrated dissipa-
tion rate is high in transects +24 hours and +39 hours, when
the alongshore flow is strongest and shear in the BBL is
highest (as reflected by high alongshore velocities in the
lowest ADCP bin). By the end of the upwelling cycle, and
with the weakening of southward currents, near-bottom
shear weakened and near-bottom turbulence decreased.
With the resumption of downwelling-favorable winds,
near-bottom waters retreated offshore, accompanied by

reduced near-bottom stratification. During this phase, the
BBL was thickest and turbulence was high in the absence of
strong near-bottom currents and strong shear (discussed
further in section 4). Integrated turbulence was highest
during this phase (+98 hours). During relaxation, integrated
turbulence was high due to the intense turbulence in the
BBL, and also due to strong inshore turbulence in the
vicinity of the northward subsurface flow. With resumption
of upwelling-favorable winds, the southward jet was rees-
tablished. Near-bottom water began moving up the slope
once again, increasing near-bottom stratification. At this
point, the jet was still weak and near-bottom shear was low,
and turbulence decreased to its lowest values both in the
BBL and integrated across the transect.
[14] Our optical backscatter sensor (880 nm) is relatively

insensitive to particles much larger than its wavelength
(because they do not occur very often in the light path;
particles on the scale of the viscous sublayer appear as
occasional spikes in the data). The turbidity in the water
column is high near the bottom and inshore. Near the
bottom, regions of high turbidity are usually associated with
regions of high turbulence (as demonstrated in Figure 4).
Inshore, the highest turbidity occurred coincident with
intense inshore turbulence, suggesting that turbulence was
responsible for resuspension of fine material. Turbidity was
also high along thin tendrils that lie on isopycnals and extend
continuously from inshore to 20+ km offshore. These tendrils
are continuous inshore to water depths less than 30 m.

4. Structure and Properties of the Bottom
Boundary Layer (BBL)

[15] Our perspective of the BBL comes from finely
resolved vertical profiles to within 2 cm of the bottom.
Example profiles are shown in Figure 5. The typical
structure shows energetic and intermittent velocity turbu-
lence increasing toward the bottom as in the second panel of
Figure 5a. This is loosely constrained by the height of the

Figure 2. Wind stress computed with data obtained from the wave buoy at station 46050 (Stonewall
Bank, Figure 1). The times of the 12 transects are marked along the top of the box. Times (in hours) are
relative to the beginning of the first transect.

Figure 3. (left) Alongshore currents (v), (middle) turbulent dissipation rate (e), and (right) turbidity (880 nm optical
backscatter) from an 8 day period beginning 19 May 2001, during which 12 transects were made across the shelf off
Cascade Head. Isopycnals are plotted over each image, and the 26.6 isopycnal is highlighted as an indicator of cross-shelf
motion of dense near-bottom fluid. Relative wind stress averaged over the 24 hour period preceding each transect is shown
to the right (upwelling-favorable downward). The relative time of each transect is shown in the leftmost column, starting
with 0 hours at the beginning of the first transect. In the lower right-hand corner of the e image plot is shown the transect-
averaged dissipation (units of W per m of alongshore distance linearly scaled such that 200 W m!1 corresponds to 100 m
on depth scale and 0 to the bottom of the plot); the highlighted bar represents the current transect. Locations of the example
profiles from Figure 5 are marked on the panels in red.
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the wind direction is indicated by the
arrow direction, and is mostly north
(postive) and south (negative). During
the cruise (dots along top axes, winds
were mostly towards the south, except
for a brief reversal 23-24 May.
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Figure 3
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Figure 10.3: Observations from the
ship. Black contours are potential
density. The left column shows along-
shelf current speed, blue meaning
towards the south. The middle column
shows the strength of turbulence in
the water column, yellow/red being
more turbulent. The right column
shows turbidity, a measure of particles
suspended in the water column. the
arrows on the far right are the wind
stress vectors.



wind-driven circulation overview 191

Figure 3. (continued)
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Figure 10.4: As in figure 10.3. Note the
wind reversal and then resumption of
wind blowing to the south.



192 introduction to physical oceanography

fairly uniformly. A notable exception occurred on 25 May,
when the 26.5 isopycnal increased its separation from the
others, indicating divergence in the BBL.
[26] The kinematic estimate of the cross-shore near-bottom

velocity ub is computed from the time rate of change of
cross-shelf positions of the isopycnal bottom intersections.
This estimate requires the difference in location between
successive transects; the time assigned to it is that midway
between consecutive measurements of intersections of par-
ticular isopycnals with the bottom in consecutive transects.
This estimate of ub is directly associated with the time-
integrated transport of fluid in the BBL. So long as this is

not significantly influenced by shorter timescale fluctua-
tions (i.e., tides), ub is an averaged (rather than sampled)
speed over the timescale between successive observations.
The time histories of ub for each of the three isopycnals are
shown in Figure 10. Peak speeds are 6 km d!1 ("7 cm s!1)
eastward following upwelling-favorable winds and almost
that fast westward during relaxation and reversal of the
winds.

5.3. uEk
[27] Determination of uEk from (5) requires estimates of

both the alongshore component of bottom stress, tyb, and
the Ekman layer height, DEk. We estimate bottom stress
from measurements of e through the BBL. Using a law-of-
the-wall formulation, the bottom friction velocity is esti-
mated from which tb is determined (this method is used and
reviewed by Perlin et al. [2005a]). Our estimate does not
distinguish stress direction, only magnitude. To estimate the
component of tb in the alongshore coordinate direction, we
scale it by the ratio of squared alongshore velocity to
squared velocity magnitude at height DEk; that is,

tyb ¼ tb
v2DEk

U 2
DEk

: ð9Þ

This scaling indicates tb/tyb " 1.1 in the region of
isopycnal bottom intersection (sq = 26.65, 26.6, 26.5).
The sign of tyb is determined by the sign of the alongshore
velocity at DEk. Our estimate of DEk is based on the analysis
of Perlin et al. [2005b], in which several proxies for DEk

were evaluated. These were compared to the height below
which the velocity vector clearly began to veer to the left
from above (evaluated from velocity profiles obtained on
a mooring near to which we profiled continuously for
50 hours, permitting a comparison of the veering layer
estimate to D, Dr, and De), which was taken to be a good
measure of DEk. From this analysis, it was determined that
De provided a reasonably good estimate of DEk and this was
used in evaluating (5). Because the top of the veering layer
could not be defined other than from the moored
observations, we estimate DEk by De for the analysis herein.
[28] The temporal variations of ub and uEk are consistent

both in sign and magnitude (Figure 10). The consistency in
sign of the two estimates means that the cross-shore motion
of isopycnal bottom intersections follows changes in direc-
tion of the alongshore velocity atop the BBL. They are also
highly correlated (Figure 11).
[29] Since tb can be written in terms of a friction velocity

u*, (tb = ru*
2) and DEk is frequently considered to be a

function of u*/f, (5) suggests that uEk / u*. Further, Perlin
et al. [2005a] have shown correspondence between u*
estimated from turbulence profiling measurements and the
velocity magnitude 20 m above the bottom estimated from
moored velocity measurements. This in turn suggests that
uEk / U20 and a reasonable comparison may be obtained
from shipboard ADCP measurements that are limited to
&20 m above the bottom. As a test, we compare ub and the
alongshore component of velocity 20 m above the bottom,
v20 (Figure 12). The negative correlation is due to the
comparison of southward free-stream velocity with east-
ward Ekman flow. The high correlation suggests the possi-
bility of estimating the cross-shore transport in the bottom

Figure 8. Cross-shelf motion of dense near-bottom fluid
in response to changes in upwelling conditions. Fluid with
sq > 26.6 is shown by shading. The north-south wind stress
component averaged over the 24 hour period prior to each
transect is shown to the right.
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Figure 10.5: Same density data as
figure 10.3 and figure 10.4, highlighting
the motion of the bottom boundary
layer up and down the shelf. During
peak upwelling the speed is about 6

km/d.
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10.2 North Pacific observations
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