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Foreward

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 offering.

Unlike many physical oceanography courses, students taking
this course are not expected to have vector calculus or differential
equations, nor are they expected to have classical mechanics beyond
what is typically offered in a first year physics course. Many of the
students taking the course 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 more than just a list of facts,
but rather to try and 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 gives rise to them, while still giving the 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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Climate Change and Sea level

There are numerous effects of climate change on the ocean, but per-
haps two of the most fundamental are the effect of (all) melting ice
on the thermohaline circulation, and the effect of melting land-fast ice
and ocean warming on sea-level.

6.1 Effect of melting on the overturning circulation

North Atlantic Deep Water (NADW) is produced because it is salty
and cold. As discussed in chapter 5, NADW sinks near Greenland
and Iceland, and descends along the Western Boundary Current to
depths of approximately 2500 m. Warm water from equatorward
moves in to replace the sinking water. The overturning circulation
in the North Atlantic is about 15-20 Sv and carries 1-1.5 PW of heat
northwards [?].

Figure 6.1: Overturning stream func-
tions in the North Atlantic for a) the
modern simulation (figure ??, 20 Sv
overturning, 0 Sv fresh water flux
anomaly, and b) when the overturning
circulation has been turned off due to
fresh water fluxes.
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Figure 6.2: Effect of increasing fresh-
water flux on a) the North Atlantic
overturning circulation, and b) North
Atlantic air temperatures 60-70 N ?.
Red curves are fresh water introduced
north of 50 N, black are south of 50 N.
Note that restoring the freshwater flux
to modern values does not allow the
overturning circulation to immediately
restart.

If there is a change of the freshwater cycle or sudden introduction
of fresh water in the northern hemisphere, say due to melting Arctic
ice, or the Greenland ice sheet, then the overturning circulation can
be suppressed, or stopped altogether (figure ??a, figure 6.1b). This
stops the transport of heat northwards due to the overturning circu-
lation, and has a dramatic effect on the temperature of the northern
hemisphere, causing a cooling over the Atlantic in the simulation of
up to 6 oC (figure ??c).

The role of the AMOC in warming the North Atlantic is relatively
clear, but its role in sequestering anthropogenic CO2 is less-well
understood. However, it can readily be imagined that shutting off
one of the sinking regions for surface water may indeed cause a
decrease in the rate of ocean uptake of CO2, leading to a deleterious
feedback of warming the ocean further.
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This remarkable re-arrangement of the circulation cannot per-
sist without a large-scale change of the hydrological cycle, but it can
introduce changes on decadal-to-century time scales. There is sub-
stantial evidence of rapid freshening of the North Atlantic during
glacial times, in what are called Heinrich Events. These were orig-
inally discovered as open-ocean deposits of terrigenous rocks by
large icebergs that broke off continental glaciers. While the chronol-
ogy is not perfect, these events were also correlated with cooling, as
inferred in Greenland ice cores. These coolings are known as Dans-
gaard–Oeschger events, and are largely confined to the northern
hemisphere (

Figure 6.3: Ice core records of δO18,
a proxy for atmospheric tempera-
ture, with high values represent-
ing warmer atmosphere. (Leland
McInnes at English Wikipedia https:

//commons.wikimedia.org/wiki/File:

Ice-core-isotope.png)

Given the importance of the AMOC for our climate, there have
been modern attempts to constrain its magnitude. These attempts
actually contain a bit of a cautionary tale; considering 5 cruises fro
1957 to 2004 , [?] inferred a substantial slowdown of the transport
across 24.5 N, from 23 to 15 Sv in the upper 1000 m (figure 6.4), and
an accompanying slowdown of heat transport of approximately 1

PW.
Such a slow down was considered quite alarming and spurred

better observations. Since 2004, the same line at 25 N was occupied,
and supplemented by a mooring array to constrain the transport bet-
ter. At the same time, estimates have been made at 35 S, 16 N, and
approximately 55 N (figure 6.5). These demonstrate remarkable inter-
annual variability, such that the result in [?] is likely a sampling error
due to infrequent ship-based sampling. It is of note, however, that
these four timeseries are not very well correlated, indicating substan-
tial error and/or natural variability. There has been some argument
that there has been slowdown in the RAPID array data, but much
more subtle than that previously argued. Conversely, the array at

http://en.wikipedia.org/wiki/Heinrich_Events
http://en.wikipedia.org/wiki/Dansgaard\T1\textendash Oeschger_events
http://en.wikipedia.org/wiki/Dansgaard\T1\textendash Oeschger_events
https://commons.wikimedia.org/wiki/File:Ice-core-isotope.png
https://commons.wikimedia.org/wiki/File:Ice-core-isotope.png
https://commons.wikimedia.org/wiki/File:Ice-core-isotope.png
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the Florida Straits larger than 2 Sv. In the SOC and NCEP wind stress
climatologies21,22, the mean Ekman transport at 25.58N is 3.8 Sv
(SOC) or 3.6 Sv (NCEP) and the variability in annual averaged
Ekman transport is 0.6 Sv. There is no significant change in Ekman
transport at 258N over time in either the SOC or NCEP climatolo-
gies. There is a small net southward transport across 258N associated
with the 0.8 Sv Bering Straits throughflow from the Pacific which is
diminished by a net evaporation of order 0.1 Sv over the Atlantic
north of 258N (ref. 23) but this is smaller than the uncertainty in the
calculations.
Here, to be consistent with previous analyses of the 258N sections4,

we use a constant northward Ekman transport for each section of
5.4 Sv (ref. 24) and a constant Gulf Stream transport of 30.2 Sv for the
early sections finishing at 24.58N, and 32.2 Sv for the 1998 and 2004
sections ending at 26.58N. The difference of 2 Sv is due to the flow
through the northwest Providence channel25 that joins the Gulf
Stream flow north of 24.58N to make up the 32.2 Sv measured by
cable at 26.58N. In summary, the southward mid-ocean geostrophic
transport equals 35.6 Sv for the 1957, 1981 and 1992 sections and
37.6 Sv for the 1998 and 2004 sections. From the observed variability,
we estimate that the uncertainty in forcing the southwardmid-ocean
geostrophic transport to equal a constant value for each of the five
sections is only ^2 Sv.
The overall vertical structure of the mid-ocean geostrophic circu-

lation is similar for the five sections (Fig. 2a): there is surface-
intensified southward flow in the thermocline above a depth of
800m, small northward flow of intermediate waters between about
800 and 1,200m, southward flow below 1,200m down to about
5,000m and northward flow below 5,000m. The strength of the flows
has changed, however. In the main thermocline, the southward flow
is much stronger between 100 and 600m depth in 2004 (Fig. 2b) so
that the mid-ocean southward transport above 1,000m depth has
increased from 13 Sv in 1957 to nearly 23 Sv in 2004 (Table 1). In the
deep waters the southward transport between 1,000 and 3,000m that
is associated with upper North Atlantic Deep Water (NADW)
originating in the Labrador Sea has remained reasonably constant,
varying between 9 and 12 Sv; below 3,000m, however, the southward
transport of lower NADW originating in the Greenland–Iceland
Norwegian Sea has steadily decreased from 15 Sv in 1957 to 7 Sv in
2004 (Table 1). Not only has the lower-NADW transport decreased
but the bottom part of the flow is gone: in 1998 and 2004 the flow
passes through zero at about 4,800m depth, whereas in earlier
sections the southward flow extended down to 5,200m (Fig. 2c).

The changes in transport distribution along 258N are described in
Supplementary Figs S1 and S2. In temperature (water mass) classes,
the results are effectively the same. Thermocline waters defined to be
waters warmer than 9.5 8C exhibit an increase in southward transport
from 16 Sv in 1957 to 24 Sv in 2004 (Supplementary Table S1). Lower
NADWs defined to have temperatures between 1.8 and 2.5 8C exhibit
a consistent decrease in southward transport from 16 Sv in 1957 to
7 Sv in 1998 and 2004.
Estimates of geostrophic transport for transoceanic sections rely

heavily on the stations close to the eastern and western boundaries,
because these end stations effectively set the overall baroclinic shear
in the currents above 1,000m depth and the upper-level transport.
The variability near the western boundary is evident in Supplemen-
tary Fig. S3, so we can argue that the upper 1,000m transport
depends critically on the nature of the western end station: for
example, whether it is inside or outside an eddy. Careful considera-
tion of the errors in geostrophic transports derived from transoceanic
sections and simulated in ocean circulationmodels led Ganachaud to
the conclusion that there is an error of ^6 Sv in overall upper and
lower layer transports26. Although there is little error in overall
transport owing to the constraint of basin-scale mass conservation
(as discussed above), there is an uncertainty of ^6 Sv in upper layer
transport that is due to sampling in or out of eddies, and because
there must be compensation by deep flows, there is also an uncer-
tainty in deep transport of ^6 Sv.The increased southward thermo-
cline transport of 8 Sv and the 9 Sv decrease in lower-NADW
transport in the 2004 section are close to this expected uncertainty.
Two aspects of the 2004 circulation convince us that the changes

are not due to end-station variability. First, the increased southward
thermocline transport is a result of substantially warmer waters in the

Table 1 | Meridional transport in depth classes across 2588N

1957 1981 1992 1998 2004

Shallower than 1,000m depth
Gulf Stream and Ekman þ35.6 þ35.6 þ35.6 þ37.6 þ37.6
Mid-ocean geostrophic 212.7 216.9 216.2 221.5 222.8

Total shallower than 1,000m þ22.9 þ18.7 þ19.4 þ16.1 þ14.8
1,000–3,000m 210.5 29.0 210.2 212.2 210.4
3,000–5,000m 214.8 211.8 210.4 26.1 26.9
Deeper than 5,000m þ2.4 þ2.1 þ1.2 þ2.2 þ2.5

Values of meridional transport are given in Sverdrups. Positive transports are northward.

Figure 2 | Vertical distribution of mid-ocean meridional geostrophic flow
across 2588N section. Transport per unit depth (in m2 s21) represents the
zonally averaged northward geostrophic velocity times the zonal distance
across the section at each depth. a, Top-to-bottom profile showing the
general similarity in vertical structure of the flow for each section with
southward flow in the upper waters, a northward flow of intermediate

waters, a southward flow of deep waters at 1,200–5,000m depth, and a
northward flow in the bottomwaters. b, Expanded profile of the thermocline
flow showing the stronger southward flow in the 1998 and 2004 sections.
c, Expanded profile below 1,000m depth showing the two cores of
southward flowing upper NADW centred at about 2,000m depth and lower
NADW centred at 4,000m depth.
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Figure 6.4: Transport as a function of
depth across 24.5 N (approximately) [?].

16N indicates an increase in the overturning circulation. Continu-
ing to monitor this overturning circulation is a large enterprise in
global oceanography at present, with most Atlantic nations (includ-
ing Canada) contributing.

Frajka-Williams et al. AMOC Observations

FIGURE 4 | Monthly values of MOCz transport from four observing arrays:

OSNAP (green), RAPID 26◦N (red), MOVE 16◦N (magenta) and SAMBA

34.5◦S (blue). For SAMBA, the transports are shown as anomalies (see

section 2.4). The respective means are given by the black dashed line (zero in

the case of SAMBA).

2.2.3. Uncertainty and Limitations
Areas inshore of the 1,000m isobath on the eastern boundary are
not instrumented, as well as deep areas east of the EB1 mooring
at the base of the eastern continental slope and either side of
the MAR. The surface 100 m is often unsampled, depending on
the height of each subsurface mooring during each deployment.
Gaps in the vertical are extrapolated, while “bottom triangles” are
neglected. The residual calculation for the uniformly distributed
barotropic flow (which is on the order of 10 Sv, Frajka-Williams
et al., 2018) represents one of the larger areas of uncertainty
in the calculation, as the choice of where to distribute the
compensatory flow has some influence on the vertical structure
of the overturning streamfunction.

2.2.4. Results
Over the April 2004–February 2017 observational record, the
mean and standard deviation of the overturning transport is
17.0 ± 4.4 Sv (Figure 4). The seasonal cycle has a peak-to-peak
amplitude of 4.3 Sv (maximum northward transport in October).
Interannual variations include a notable dip of roughly 30% in
2009/10, and the period following about April 2008 has been
fairly stable with an average transport roughly 2.7 Sv less than
was observed in April 2004–April 2008 (Smeed et al., 2018).

2.3. MOVE 16◦N
In the tropical North Atlantic at 16◦N, the region east of
the Caribbean and west of the MAR is characterized by the
southward-flowing DWBC, and episodic and northward flowing
waters and northward moving eddies along the Antilles islands.
Most of the northward flow of the overturning circulation occurs
in the Caribbean, while east of the MAR it is relatively quiescent.
Below the DWBC, there is some northward flowing Antarctic

Bottom Water, primarily west of the MAR. While the MOVE
array does not span the full basin width at 16◦N, it is intended
to provide the time-varying AMOC and so is included here.

2.3.1. Observations
At 16◦N, the observational approach uses full height moorings
and boundary arrays but only over the region west of the MAR
(15.5◦N, 51.5◦W) and east of Guadeloupe (16.3◦N, 60.5◦W),
with direct velocity measurements on the western continental
slope (just west of 60.5◦W). Recent deployments of the dynamic
height moorings are full-height (to within 100 m of the surface),
while earlier deployments were only below 1,000 m. The MOVE
array was initially deployed in early 2000 and has been in
operation ever since. The array remains in place with funding
renewing annually.

2.3.2. Methodology
Transports between 60.5◦W and 51.5◦W are calculated using
geostrophy, referencing the dynamic height profiles to zero flow
at depth (4,950 dbar). This level coincides with the interface
depth between northward-flowing Antarctic Bottom Water and
southward-flowing NADW. The AMOC at 16◦N is calculated
as the deep southward-flowing transport (60.5–51.5◦W) between
1,200 and 4,950 dbar. The transport is computed as the sum of
the boundary and internal components, from current meters and
dynamic height, respectively.While an “external” component can
be derived from bottom pressure observations at the western and
eastern edge of the array (Frajka-Williams et al., 2018), drift in
the measurement precludes analysis of low-frequency variability
and so these pressure observations are not included in the AMOC
estimate. See Send et al. (2011) and references therein for more
details of the methodology.

2.3.3. Uncertainty and Limitations
The array explicitly assumes that the southward-flowing NADW
is found in the western half of the basin and neglects transport
east of the MAR. Further, no measurements are included in the
Caribbean as the MOVE array focuses on the southward-flowing
deep transports (absent in the Caribbean). Acknowledging
uncertainties associated with the choice of reference level, the
array is designed to measure the variability of the overturning
rather than its absolute value.

2.3.4. Results
Over the period February 2000–June 2018, the mean and
standard deviation of the daily values are 18.0±5.8 Sv (Figure 4).
The seasonal cycle has a range of 4.8 Sv and peaks in July. Over
this period, there is a strengthening tendency of 0.25 Sv/year. This
represents a reversal of the declining tendency of 20% identified
between Jan 2000–June 2009, due primarily to deep changes at
the western flank of the MAR (Send et al., 2011). More recently,
over the 2004–2017 period, the circulation changes at 16◦N
showed an intensifying AMOC while the observations at 26◦N
showed a weakening AMOC, associated with differences in the
treatment of the reference velocity in the geostrophic calculation
(Frajka-Williams et al., 2018).

Frontiers in Marine Science | www.frontiersin.org 6 June 2019 | Volume 6 | Article 260

Figure 6.5: Northwards AMOC trans-
port timeseries at 4 latitudes in the
Pacific (OSNAP is approximately 55 N).
Data gaps are due to arrays not being in
place at those times.

6.2 Sea level change

A major physical effect on the ocean due to climate change is an in-
crease in sea level, or ocean volume. This happens due to melting
of land-fast ice (“Eustatic change”) and due to heating of the ocean
water mass (“Steric change”). Since 1900, sealevel is believed to have
increased by 20 cm. Over the last 20 years, melting has been esti-
mated to be responsible for approximately 6 cm of sea level rise,
whereas heating has been responsible for 3 cm.
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Figure 6.6: Global sea level change since
1880; blue is largely from tide gauges,
black from sattelite record (from https:

//www.climate.gov/news-features/

understanding-climate/

climate-change-global-sea-level,
long timeseries is from [?]).

6.2.1 Land-fast ice

Melting of landfast ice is responsible for something close to 2/3 of
the sealevel rise observed in the last 20 years, and responsible for
much of the change since 1900. Of course, floating ice is melting as
well, but it displaces its own weight in water, so when it melts it does
not add to the total volume of the oceans. Tracking where this water
has come from is a major undertaking in glaciology.

The biggest advances in monitoring the landfast ice sheets have
used satellite measurements using either lasers, radars, or gravitome-
ters to determine changes in ice cover. These methods are in general
agreement, and indicate that 4000 Gt of ice were lost from both ice
sheets, with substantially more lost from Greenland than the Antarc-
tic. Distributed over the area of the oceans this contributed 1 cm of
sea level rise between 1990 and 2010.

6.2.2 Thermal expansion (steric change)

The other way that the ocean is expanding is due to thermal ex-
pansion as the ocean has warmed. The ocean has warmed about
2 × 1023 J between 1960 and today (figure 6.9). This means that,
roughly, the ocean has increased its average temperature 0.03 oC.

The warming effect is relatively easy to understand; suppose you
have 1 L of 32 pus water at 20 degrees C - its density is 1022.504 kg m−3.
If we warm it 0.03 degrees, the new density is 1022.496. The mass
will not have changed, so its new volume will be 1.0000078 L. If we
multiply this over the whole ocean, we get a 3 cm of change over

https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
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Figure 6.7: Contributions to sea
level rise since 1993 (from https:

//www.climate.gov/news-features/

understanding-climate/

climate-change-global-sea-level).

4000 m. These rough numbers are similar to what is shown in fig-
ure 6.7.

This heat change is difficult to measure over the whole globe, and
requires integrating temperature estimates from many measure-
ments. Ship measurements get to the deepest depths, and then the
more variable surface waters are more comprehensively measured
with a fleet of autonomous profiling floats called Argo floats

https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
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Figure 6.8: a) Cumulative ice sheet mass
loss over time in regions of Antarctica,
b) all Antarctica and Greenland [?].

Figure 6.9: From https://www.

climate.gov/news-features/

understanding-climate/

climate-change-ocean-heat-content

https://www.climate.gov/news-features/understanding-climate/climate-change-ocean-heat-content
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Waves and Tides
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Wind-driven circulations
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