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The Oceans

• Cover Q?% of the area of the Earth’s surface
• Reach an extreme depth of ~ Q?km
• Total volume is equivalent to that of a layer Q? km deep, covering 

the entire surface of the Earth
• Oceans’ mass: ~ Q? times compared to that of the atm.
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The water cycle

Oki and Kanae, Science, 2006

4



6/3/25

3

Ocean structures
§ The ocean is mostly stably stratified
§ Upper ocean: shallow (~100m), warm, abundant light, most marine life
§ Deep ocean: cold, dark, much nutrients and carbon

5

14

35

Mixed layer: T & S well mixed 
• Atmosphere affect: heating, wind forcing & freshening (P-E)
• Global average depth ~ 70m
• Heat capacity of mixed layer à ~ 30 times heat capacity of the 

atmosphere

Thermocline: large gradient of T, S

Deep ocean: T, S ~independent of height

(Climate system Modeling)

Q: Is mixed layer seasonally dependent? 

Q: Is mixed layer geographically dependent? 

5

Ocean structures

26 The Earth System

from 34 to 36 g kg!1 (or parts per thousand by mass,
abbreviated as o!oo). Due to the presence of these
dissolved salts, sea water is "2.4% denser than fresh
water at the same temperature.

The density " of sea water (expressed as the depar-
ture from 1 in g kg!1 or o!oo) typically ranges from
1.02 to 1.03. It is a rather complicated function of tem-
perature T, salinity s, and pressure p; i.e., " # "(T, s, p).
The pressure dependence of density in liquids is much
weaker than in gases and, for purposes of this qualita-
tive discussion, will be ignored.1 As in fresh water,
$"!$T is temperature dependent, but the fact that sea
water is saline makes the relationship somewhat dif-
ferent: in fresh water, density increases with increasing
temperature between 0 and 4 °C, whereas in sea
water, density decreases monotonically with increasing
temperature.2 In both fresh water and sea water,
$"!$T is smaller near the freezing point than at higher
temperatures. Hence, a salinity change of a prescribed
magnitude %s is equivalent, in terms of its effect on
density, to a larger temperature change %T in the
polar oceans than in the tropical oceans, as illustrated
in Fig. 2.1.

Over most of the world’s oceans, the density of the
water in the wind-stirred, mixed layer is smaller, by a
few tenths of a percent, than the density of the water
below it. Most of the density gradient tends to be
concentrated within a layer called the pycnocline,
which ranges in depth from a few tens of meters to a
few hundred meters below the ocean surface. The
density gradient within the pycnocline tends to
inhibit vertical mixing in the ocean in much the same
manner that the increase of temperature with height
inhibits vertical mixing in atmospheric temperature
inversions and in the stratosphere. In particular, the
pycnocline strongly inhibits the exchange of heat and
salt between the mixed layer, which is in direct con-
tact with the atmosphere, and the deeper layers of
the ocean. At lower latitudes, pycnocline is synony-
mous with the thermocline (i.e., the layer in which
temperature increases with height), but in polar
oceans, haloclines (layers with fresher water above
and saltier water below) also play an important role
in inhibiting vertical mixing. The strength and depth
of the thermocline vary with latitude and season, as
illustrated in the idealized profiles shown in Fig. 2.2.

Within the oceanic mixed layer, temperature and
salinity (and hence density) vary in response to

Fig. 2.1 The change in temperature of a water parcel
required to raise the density of sea water at sea level as much
as a salinity increase of 1 g kg!1, plotted as a function of the
temperature of the parcel. For example, for sea water at a
temperature of 10 °C, a salinity increase of 1 g kg!1 would
raise the density as much as a temperature decrease of "5 °C,
whereas for sea water at 0 °C the same salinity increase
would be equivalent to a temperature change of "17 °C.
[Adapted from data in M. Winton, Ph.D. thesis, University of
Washington, p. 124 (1993).]
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1 The small effect of pressure upon density is taken into account through the use of potential density, the density that a submerged
water parcel would exhibit if it were brought up to sea level, conserving temperature and salinity. (See Exercise 3.54.)

2 Ice floats on lakes because the density of fresh water decreases with temperature from 0 to 4 °C. In contrast, sea ice floats because
water rejects salt as it freezes.
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Fig. 2.2 Idealized profiles of the temperature plotted as a
function of depth in different regions of the world’s oceans.
The layer in which the vertical temperature gradient is strongest
corresponds to the thermocline. [From J. A. Knauss, Introduction
to Physical Oceanography, 2nd Edition, p. 2, © 1997. Adapted by
permission of Pearson Education, Inc., Upper Saddle River, NJ.]
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from 34 to 36 g kg!1 (or parts per thousand by mass,
abbreviated as o!oo). Due to the presence of these
dissolved salts, sea water is "2.4% denser than fresh
water at the same temperature.

The density " of sea water (expressed as the depar-
ture from 1 in g kg!1 or o!oo) typically ranges from
1.02 to 1.03. It is a rather complicated function of tem-
perature T, salinity s, and pressure p; i.e., " # "(T, s, p).
The pressure dependence of density in liquids is much
weaker than in gases and, for purposes of this qualita-
tive discussion, will be ignored.1 As in fresh water,
$"!$T is temperature dependent, but the fact that sea
water is saline makes the relationship somewhat dif-
ferent: in fresh water, density increases with increasing
temperature between 0 and 4 °C, whereas in sea
water, density decreases monotonically with increasing
temperature.2 In both fresh water and sea water,
$"!$T is smaller near the freezing point than at higher
temperatures. Hence, a salinity change of a prescribed
magnitude %s is equivalent, in terms of its effect on
density, to a larger temperature change %T in the
polar oceans than in the tropical oceans, as illustrated
in Fig. 2.1.

Over most of the world’s oceans, the density of the
water in the wind-stirred, mixed layer is smaller, by a
few tenths of a percent, than the density of the water
below it. Most of the density gradient tends to be
concentrated within a layer called the pycnocline,
which ranges in depth from a few tens of meters to a
few hundred meters below the ocean surface. The
density gradient within the pycnocline tends to
inhibit vertical mixing in the ocean in much the same
manner that the increase of temperature with height
inhibits vertical mixing in atmospheric temperature
inversions and in the stratosphere. In particular, the
pycnocline strongly inhibits the exchange of heat and
salt between the mixed layer, which is in direct con-
tact with the atmosphere, and the deeper layers of
the ocean. At lower latitudes, pycnocline is synony-
mous with the thermocline (i.e., the layer in which
temperature increases with height), but in polar
oceans, haloclines (layers with fresher water above
and saltier water below) also play an important role
in inhibiting vertical mixing. The strength and depth
of the thermocline vary with latitude and season, as
illustrated in the idealized profiles shown in Fig. 2.2.

Within the oceanic mixed layer, temperature and
salinity (and hence density) vary in response to

Fig. 2.1 The change in temperature of a water parcel
required to raise the density of sea water at sea level as much
as a salinity increase of 1 g kg!1, plotted as a function of the
temperature of the parcel. For example, for sea water at a
temperature of 10 °C, a salinity increase of 1 g kg!1 would
raise the density as much as a temperature decrease of "5 °C,
whereas for sea water at 0 °C the same salinity increase
would be equivalent to a temperature change of "17 °C.
[Adapted from data in M. Winton, Ph.D. thesis, University of
Washington, p. 124 (1993).]
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1 The small effect of pressure upon density is taken into account through the use of potential density, the density that a submerged
water parcel would exhibit if it were brought up to sea level, conserving temperature and salinity. (See Exercise 3.54.)

2 Ice floats on lakes because the density of fresh water decreases with temperature from 0 to 4 °C. In contrast, sea ice floats because
water rejects salt as it freezes.
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Fig. 2.2 Idealized profiles of the temperature plotted as a
function of depth in different regions of the world’s oceans.
The layer in which the vertical temperature gradient is strongest
corresponds to the thermocline. [From J. A. Knauss, Introduction
to Physical Oceanography, 2nd Edition, p. 2, © 1997. Adapted by
permission of Pearson Education, Inc., Upper Saddle River, NJ.]
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§ Mixed layer: seasonal & 
geographical location 
dependence

6

6
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Ocean structures

7

14

35

Mixed layer

Thermocline: large gradient of T, S

Deep ocean

(Climate system Modeling)

A thermocline is the transition layer between the warmer 
mixed water at the surface and the cooler deep water below, 
where the temperature gradient is greater than that of the 
warmer layer above and the colder layer below.

7

Ocean circulation

8

Drivers:

§ Wind stress on the surface

§ Earth's rotation (Coriolis effect)

§ Pressure gradients from density 

differences

§ Buoyancy fluxes (heat, freshwater)

Wind-driven circulation
dominates the surface currents 

Thermohaline circulation

density driven component; 
circulation deeper in the oceans

8
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Fundamental Equations

1. Momentum (Navier-Stokes in rotating frame)

2. Continuity (mass conservation)

3. Thermodynamics (T, S conservation)

4. Equation of state (ρ = ρ(T, S, p))

9

• Surface winds à horizontal momentum from the atm. into the 
oceans à generating currents

• Wind-driven currents are typically on the order of 10 cm/s à a few 
% of surface wind speed

28 The Earth System

circulation is the west-to-east Antarctic circumpolar
current along 55 °S, the latitude of the Drake passage
that separates Antarctica and South America.
Velocities in these wind-driven currents are typically
on the order of 10 cm s!1, a few percent of the
speeds of the surface winds that drive them, but in
the narrow western boundary currents such as the
Gulf Stream off the east coast of the United States
(Figs. 2.4 and 2.5) velocities approach 1 m s!1. The
relatively warm water transported poleward by the
western boundary currents contributes to moderat-
ing winter temperatures over high latitude coastal
regions.

Over certain regions of the polar oceans, water in
the mixed layer can become sufficiently dense, by
virtue of its high salinity, to break through the pycn-
ocline and sink all the way to the ocean floor to
become what oceanographers refer to as deep water
or bottom water. In some sense, these negatively
buoyant plumes are analogous to the plumes of
warm, moist air in low latitudes that succeed
in breaking through the top of the atmospheric
mixed layer and continue ascending until they
encounter the tropopause. The presence of CFCs3 in
NADW and AABW indicates that these water
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Fig. 2.4 Annual mean ocean surface currents based on the rate of drift of ships. The Gulf Stream (G) and the Kuroshio Current (K)
are warm, western boundary currents. The Humboldt Current (H) is the most prominent of the cold, equatorward currents driven by
the winds along the eastern flanks of the subtropical anticyclones. The westward South Equatorial Current (S) is driven by the easter-
lies along the equator and the weaker eastward North Equatorial Countercurrent (N) is a response to the winds in the vicinity of the
ITCZ. [Data courtesy of Philip Richardson, WHOI; graphic courtesy of Todd P. Mitchell.]

Fig. 2.5 Eddies along the landward edge of the Gulf Stream,
as revealed by the pattern of sea surface temperature.
Temperatures range from !20 °C in the orange regions down
to !6 °C in the darkest blue regions. Note the sharpness of
the boundary and the indications of turbulent mixing between
the waters of the Gulf Stream and the colder Labrador
Current to the north of it. [Based on NASA Terra"MODIS
imagery. Courtesy of Otis Brown.]

3 The term chlorofluorocarbons (CFCs) refers to a family of gaseous compounds that have no natural sources; first synthesized in 1928.
Atmospheric concentrations of CFCs rose rapidly during the 1960s and 1970s as these gases began to be used for a widening range of pur-
poses.
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20°C

6°C

SST Gulf Stream (Based on NASA 
Terra/MODIS – Otis Brown)

Ocean circulation

10

Gulf stream:
• Speed: 2m/s
• Depth: 450 m
• Width: 70 km

Wind-driven circulation: 

Eddies along the landward edge of the 
Gulf Stream

10
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Six largest currents   

11

1

2

3

4 5
6

http://cimss.ssec.wisc.edu

Two boundary currents:
- western: fast, deep, narrow; moves warm water poleward
- eastern: slow, shallow, broad; moves cold water equatorward 
Two transverse currents:
- Trade wind-driven: Moderately shallow & broad westward current
- Westerly-driven: wider & slower eastward current compared to the trade wind-driven current  
 

5 geostrophic gyres:
1. North Pacific Gyre
2. South Pacific Gyre
3. North Atlantic Gyre
4. South Atlantic Gyre
5. Indian Ocean Gyre

&
6. The largest current: 

Antarctic Circumpolar 
Current  (West wind 
drift)

Gyres’ characteristics: each gyre includes 4 current components 

Q: Why clockwise (anti-
clockwise) gyres in the NH (SH)?

11

Surface winds & ocean currents

• Starting with a surface wind, e.g. the Northeast trade winds

12

surface wind (atmosphere)

Surface current (ocean)

à the ocean’s surface layer current is:
§ more slowly
§ to the right of the wind

àQ: Why?

12
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Ekman transport

13

surface wind (atmosphere)

Surface current (ocean)

Surface current 
(deeper layer)

§ Keep going down à the current both slowing and turning clockwise à an EKMAN SPRIAL

§ Average the current and mass transport à the mean direction is to the right (~90º) of the 
surface direction à This mass motion is called the  EKMAN TRANSPORT

13

14

Ekman transport

14
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15

E.g. west side of the American continent

àaverage movement of upper ocean water is 
westward, AWAY from shore.

àPush cool water away from the shoreline à colder 
water from the bottom is brought up à 
UPWELLING

àUPWELLING à transports nutrients to the surface 
(& cooler SST) à allowing phytoplankton to prosper

Ekman transport

15

16

@C. Cameron

Upwelling & Downwelling

16
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Ekman transport to geostrophic flow

−𝑓𝑣 +
1
𝜌
𝜕𝑝
𝜕𝑥 = 0

𝑓𝑢 +
1
𝜌
𝜕𝑝
𝜕𝑦 = 0

Mechanism
1. Winds à Ekman transport.
2. à convergence (or divergence).
3. à high (low) pressure zones in deep waters.
4. à horizontal pressure gradient forces.
5. à water to move horizontally from high to low pressure.
6. This horizontal water movement adjusts until it is 90° to the Coriolis effect and 

traveling at 90° to the pressure gradient force.

        The Coriolis effect and pressure gradient force are equal but opposite à 
geostrophic flow

seos-
proje

ct.eu

17

Geostrophic current
§ pressure gradient is balanced by the Coriolis force

18

§ à The direction of geostrophic flow 
is parallel to the isobars

§ In NH (SH), the high pressure is on 
the right (left) of the flow

§ In the NH, the Coriolis force acts at right angles to the flow à clockwise gyre 

seos-
proje

ct.eu

18



6/3/25

10

§ Pink (blue) shading indicates warmer (colder) water

§ Rejection of salt when water freezes along the ice edge that makes the water dense 
enough to enable it to sink to the bottom

§ Timescale: relatively slow process, ~ hundred years

2.1 Components of the Earth System 29

masses were in relatively recent contact with the
atmosphere.

By virtue of their distinctive chemical and isotopic
signatures, it is possible to track the flow of water
masses and to infer how long ago water in various
parts of the world’s oceans was in contact with the
atmosphere. Such chemical analyses indicate the
existence of a slow overturning characterized by a
spreading of deep water from the high latitude sink-
ing regions, a resurfacing of the deep water, and a
return flow of surface waters toward the sinking
regions, as illustrated in Fig. 2.6. The timescale in
which a parcel completes a circuit of this so-called
thermohaline circulation is on the order of hundreds
of years.

The resurfacing of deep water in the thermohaline
circulation requires that it be ventilated (i.e., mixed
with and ultimately replaced by less dense water that
has recently been in contact with the ocean surface).
Still at issue is just how this ventilation occurs in the
presence of the pycnocline. One school of thought
attributes the ventilation to mixing along sloping
isopycnal (constant density) surfaces that cut
through the pycnocline. Another school of thought
attributes it to irreversible mixing produced by tidal
motions propagating downward into the deep oceans
along the continental shelves, and yet another to ver-
tical mixing in restricted regions characterized by

strong winds and steeply sloping isopycnal surfaces,
the most important of which coincides with the
Antarctic circumpolar current, which lies beneath the
ring of strong westerly surface winds that encircles
Antarctica.

Although most of the deep and bottom water
masses are formed in the Atlantic sector, the thermo-
haline circulation involves the entire world’s oceans,
as illustrated in Fig. 2.7. Within the Atlantic sector
itself, the thermohaline circulation is comprised of
two different cells: one involving NADW and the
other involving AABW, as illustrated in Fig. 2.8.
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D
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Fig. 2.6 Idealized schematic of the thermohaline circulation
in an equatorially symmetric ocean. The domain extends from
the sea floor to the ocean surface and from equator to pole.
Pink shading indicates warmer water and blue shading indi-
cates colder water. The shaded arrows represent the exchange
of energy at the air–sea interface: pink downward arrows indi-
cate a heating of the ocean mixed layer and blue upward
arrows indicate a cooling. The role of salinity is not specifi-
cally represented in this schematic but it is the rejection of
salt when water freezes along the ice edge that makes the
water dense enough to enable it to sink to the bottom.

Fig. 2.7 Highly simplified schematic of the thermohaline
circulation. Shading denotes regions of downwelling, blue arrows
denote transport of bottom water, and red arrows denote the
return flow of surface water. [Adapted from W. J. Schmitz, Jr.,
“On the interbasin-scale thermohaline circulation,” Rev. Geophys.,
33, p. 166, Copyright 1995 American Geophysical Union.]

South NorthEquator
Surface Water

Intermediate Water

Increased nutrients & dissolved CO2
Warm, low nutrients, & oxygenated

AABW NADW

60° 60°30° 30°

Fig. 2.8 Idealized cross section of the thermohaline circula-
tion in the Atlantic Ocean. In this diagram, Intermediate Water
comprises several different water masses formed at temperate
latitudes. Note the consistency with Fig. 2.3. [Courtesy of
Steve Hovan.]
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heating cooling

The idealized schematic of the thermohaline circulation

Ocean circulation

19

19

20

Ocean circulation

§ Although slow, a large amount of upper ocean water converted into deep 
bottom water, ~ 15,000,000 m3/s in the Atlantic ocean. 

§ As a comparison, all the rivers in the world combined deliver ~ 1,000,000 
m3/s of fresh water into the ocean. 

20
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Simplified schematic of the 
thermohaline circulation.

• Shading à regions of downwelling
• Blue arrows: transport of bottom 

water
• Red arrows: return flow of surface 

water

2.1 Components of the Earth System 29

masses were in relatively recent contact with the
atmosphere.

By virtue of their distinctive chemical and isotopic
signatures, it is possible to track the flow of water
masses and to infer how long ago water in various
parts of the world’s oceans was in contact with the
atmosphere. Such chemical analyses indicate the
existence of a slow overturning characterized by a
spreading of deep water from the high latitude sink-
ing regions, a resurfacing of the deep water, and a
return flow of surface waters toward the sinking
regions, as illustrated in Fig. 2.6. The timescale in
which a parcel completes a circuit of this so-called
thermohaline circulation is on the order of hundreds
of years.

The resurfacing of deep water in the thermohaline
circulation requires that it be ventilated (i.e., mixed
with and ultimately replaced by less dense water that
has recently been in contact with the ocean surface).
Still at issue is just how this ventilation occurs in the
presence of the pycnocline. One school of thought
attributes the ventilation to mixing along sloping
isopycnal (constant density) surfaces that cut
through the pycnocline. Another school of thought
attributes it to irreversible mixing produced by tidal
motions propagating downward into the deep oceans
along the continental shelves, and yet another to ver-
tical mixing in restricted regions characterized by

strong winds and steeply sloping isopycnal surfaces,
the most important of which coincides with the
Antarctic circumpolar current, which lies beneath the
ring of strong westerly surface winds that encircles
Antarctica.

Although most of the deep and bottom water
masses are formed in the Atlantic sector, the thermo-
haline circulation involves the entire world’s oceans,
as illustrated in Fig. 2.7. Within the Atlantic sector
itself, the thermohaline circulation is comprised of
two different cells: one involving NADW and the
other involving AABW, as illustrated in Fig. 2.8.
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Fig. 2.6 Idealized schematic of the thermohaline circulation
in an equatorially symmetric ocean. The domain extends from
the sea floor to the ocean surface and from equator to pole.
Pink shading indicates warmer water and blue shading indi-
cates colder water. The shaded arrows represent the exchange
of energy at the air–sea interface: pink downward arrows indi-
cate a heating of the ocean mixed layer and blue upward
arrows indicate a cooling. The role of salinity is not specifi-
cally represented in this schematic but it is the rejection of
salt when water freezes along the ice edge that makes the
water dense enough to enable it to sink to the bottom.

Fig. 2.7 Highly simplified schematic of the thermohaline
circulation. Shading denotes regions of downwelling, blue arrows
denote transport of bottom water, and red arrows denote the
return flow of surface water. [Adapted from W. J. Schmitz, Jr.,
“On the interbasin-scale thermohaline circulation,” Rev. Geophys.,
33, p. 166, Copyright 1995 American Geophysical Union.]

South NorthEquator
Surface Water

Intermediate Water

Increased nutrients & dissolved CO2
Warm, low nutrients, & oxygenated

AABW NADW

60° 60°30° 30°

Fig. 2.8 Idealized cross section of the thermohaline circula-
tion in the Atlantic Ocean. In this diagram, Intermediate Water
comprises several different water masses formed at temperate
latitudes. Note the consistency with Fig. 2.3. [Courtesy of
Steve Hovan.]
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Warm less-
salty shallow 
current

Cold salty deep 
current

A very simplified model:
 the Global Conveyor Belt

Ocean circulation

21

21

Climate Change & Global 
Thermohaline circulation

§ Climate change studies suggest: 

Global 
Temperature 

é

Sea Ice 
formation 

ê

Formation 
of bottom 
water ê

Heat 
transport to 

the pole from 
the equator ê

Colder 
polar region

Ocean circulation

more ice

22
Q. Positive or negative feedback 
process?

22
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• Upwelling: the rise of cold water from deeper layers to replace warmer 
surface water
– stimulate the growth & reproduction of phytoplankton
– ~25% of the total global marine fish catches come from five upwellings 

that occupy only 5% of the total ocean area

– Q: How to identify upwelling?
• Identified by cool SST & high concentration of chlorophyll

23

Ocean circulation: Upwelling

23

§ Radiative heating  (e.g. north-south 
gradient, top fig.)

§ Dynamical factors: (e.g. bottom fig.)

§ Subtropical latitudes
§ Higher latitudes
§ Equatorial regions

2.1 Components of the Earth System 31

the departures from the zonal-mean, shown in
Fig. 2.11 (bottom). The coolness of the eastern oceans
relative to the western oceans at subtropical latitudes
derives from circulation around the subtropical anti-
cyclones (Fig. 1.16). The equatorward flow of cool air
around the eastern flanks of the anticyclones extracts
a considerable quantity of heat from the ocean sur-
face, as explained in Section 9.3.4, and drives cool,
southward ocean currents (Fig. 2.4). In contrast, the
warm, humid poleward flow around their western
flanks extracts much less heat and drives warm west-
ern boundary currents such as the Gulf Stream. At
higher latitudes the winds circulating around the sub-
polar cyclones have the opposite effect, cooling the
western sides of the oceans and warming the eastern
sides. The relative warmth of the eastern Atlantic at
these higher latitudes is especially striking.

Wind-driven upwelling is responsible for the rela-
tive coolness of the equatorial eastern Pacific and

Atlantic, where the southeasterly trade winds pro-
trude northward across the equator (Fig. 1.18). Wind-
driven upwelling along the coasts of Chile, California,
and continents that occupy analogous positions with
respect to the subtropical anticyclones, although not
well resolved in Fig. 2.11, also contributes to the cool-
ness of the subtropical eastern oceans, as do the
highly reflective cloud layers that tend to develop at
the top of the atmospheric boundary layer over these
regions (Section 9.4.4).

The atmospheric circulation feels the influence of
the underlying sea surface temperature pattern, par-
ticularly in the tropics. For example, from a compari-
son of Figs. 1.25 and 2.11 it is evident that the
intertropical convergence zones in the Atlantic and
Pacific sectors are located over bands of relatively
warm sea surface temperature and that the dry zones
lie over the equatorial cold tongues on the eastern
sides of these ocean basins.

–6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Fig. 2.11 Annual mean sea surface temperature. (Top) The total field. (Bottom) Departure of the local sea surface tempera-
ture at each location from the zonally average field. [Based on data from the U.K. Meteorological Office HadISST dataset.
Courtesy of Todd P. Mitchell.]
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Annual mean SST. (Top) The total field
(Bottom) Departure of the local SST at each 
location from the zonal average field

E.g. Sea Surface Temperature (SST) 

24

24
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Zonal average of sea-surface salinity calculated for all the ocean from 
Levitus (1982) and the difference between evaporation and precipitation

26
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§ Large heat capacity of the ocean

Heat Capacity

§ Volumetric heat capacity of water is 4200 times that of air 

§ Top 2 m of the ocean has the same heat capacity as the whole atmosphere.

27

28

Surface Temperature (ºC): 
summer minus winter, 
1958-1996

§ Land heat capacity << ocean heat capacity 
 à temperature change over the ocean is slower than over land

§ The larger heat capacity of the ocean 
à dampens temperature variations on other timescales
à warming is smaller over the ocean than over land

NCEP Reanalysis

28
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§ ~90% of the observed 
increase in Earth’s heat 
content goes into the 
ocean.

§ Most of the remaining 
10% goes into ice and 
land

§ The heat gain of the 
atmosphere is very 
small. 

29

Heat Capacity

29

Zonal average of temperature anomaly compared to the period 1961-1990
30

30
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Heat transport in the Ocean

31

Zonally integrated heat transport in the ocean based on observations and 
modelling (Ganachaud and Wunsch, 2000)

31

Heat transport in the Ocean

32

Meridional and vertical heat transports in the different regions of the world ocean. Numbers in 
boxes denote the meridional transport in PW. Horizontal bars represent the vertical transport 
(to the left – downwards) (Ganachaud and Wunsch, 2000)

§ Atlantic: Northward 
transports

§ Indian Ocean: 
southward transport

§ Pacific: surprisingly 
small

§ Transport in the 
circumpolar current is 
largest with about 1.3 
– 1.7 PW eastwards.

32
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Sea level rise

33

1993-2018

https://earthobservatory.nasa.gov/

In-situ & satellite 
observations show that the 
overall level of the sea has 
been rising

33

Sea level rise

34https://earthobservatory.nasa.gov/

satellite altimetry

34
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Past and Current altimeter satellites

Satellite Years Organisation Accuracy
• SKYLAB 1972 NASA 20 m
• GEOS-3 1975-1978 NASA 3 m
• SEASAT 1978 NASA 2 m
• GEOSAT     1985-1990 US Navy 30 cm
• ERS-1 1991-1996 ESA 4-10 cm
• ERS-2 1995-2006 ESA 4 cm
• T/P       1992-2005 NASA/CNES 2 .. 3 cm
• GFO 2000- US Navy 2 .. 5 cm
• JASON 2001- NASA/CNES 2 .. 3 cm
• ENVISAT    2002- ESA 2 .. 3 cm

35

35

36Satellite altimetry data. Illustration: John Fasullo
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Sea level rise

• Global Causes:
§ Thermal expansion
§ Mass exchange with other reservoirs (Antarctica, Greenland, 

underground water in land, river systems, atmosphere, ..) 

§ Local causes:
§ Sinking land (groundwater withdrawal, tectonic plates)
§ Ocean circulation (e.g. the Gulf Stream is slowing, less water is 

taken from the East Coast of America à causing sea level to rise in 
places like Florida)

37

37

Sea level rise
1993-2003 Topex/Poseidon

Thermal expansion (0-700m)

1953-2003

Thermal expansion (0-700m)

Sea level riseSea level rise Topex/Poseidon

38
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39

(a) Observed changes in 
surface specific humidity 
estimated from satellites. 
Dark shading indicates 
significant changes. 

(b) Changes in globally 
averaged water vapor 
content. 

From Harmann et al. (2013)

§ increases in water vapor 
content in the atmosphere

ß Warmer air can hold more 
water vapor

39

Overlapping 10-year rates of global sea level change from tide gauge data sets (Holgate and 
Woodworth, 2004, in solid black; Church and White, 2006, in dashed black) and satellite 
altimetry (updated from Cazenave and Nerem, 2004, in green), and contributions to global 
sea level change from thermal expansion (Ishii et al., 2006, in solid red; Antonov et al., 
2005, in dashed red) and climate-driven land water storage (Ngo-Duc et al., 2005, in 
blue). Each rate is plotted against the middle of its 10-year period.

40
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The CSV format
CSV (Comma Separated Values), e.g. sea level rise data from altimetry 

http://www.star.nesdis.noaa.gov/sod/lsa/SeaLevelRise. 

https://www.star.nesdis.noaa.gov/socd/lsa/SeaLeve
lRise/slr/slr_sla_gbl_keep_ref_90.csv 

Practice Python #7.1

Read and plot global mean sea level data observed by multiple altimetry missions

41

Practice #7.2: Sea Surface Temperature

SST netCDF data
1. Download sst.mnmean.nc from 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.
html 

2.1 Components of the Earth System 31

the departures from the zonal-mean, shown in
Fig. 2.11 (bottom). The coolness of the eastern oceans
relative to the western oceans at subtropical latitudes
derives from circulation around the subtropical anti-
cyclones (Fig. 1.16). The equatorward flow of cool air
around the eastern flanks of the anticyclones extracts
a considerable quantity of heat from the ocean sur-
face, as explained in Section 9.3.4, and drives cool,
southward ocean currents (Fig. 2.4). In contrast, the
warm, humid poleward flow around their western
flanks extracts much less heat and drives warm west-
ern boundary currents such as the Gulf Stream. At
higher latitudes the winds circulating around the sub-
polar cyclones have the opposite effect, cooling the
western sides of the oceans and warming the eastern
sides. The relative warmth of the eastern Atlantic at
these higher latitudes is especially striking.

Wind-driven upwelling is responsible for the rela-
tive coolness of the equatorial eastern Pacific and

Atlantic, where the southeasterly trade winds pro-
trude northward across the equator (Fig. 1.18). Wind-
driven upwelling along the coasts of Chile, California,
and continents that occupy analogous positions with
respect to the subtropical anticyclones, although not
well resolved in Fig. 2.11, also contributes to the cool-
ness of the subtropical eastern oceans, as do the
highly reflective cloud layers that tend to develop at
the top of the atmospheric boundary layer over these
regions (Section 9.4.4).

The atmospheric circulation feels the influence of
the underlying sea surface temperature pattern, par-
ticularly in the tropics. For example, from a compari-
son of Figs. 1.25 and 2.11 it is evident that the
intertropical convergence zones in the Atlantic and
Pacific sectors are located over bands of relatively
warm sea surface temperature and that the dry zones
lie over the equatorial cold tongues on the eastern
sides of these ocean basins.

–6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Fig. 2.11 Annual mean sea surface temperature. (Top) The total field. (Bottom) Departure of the local sea surface tempera-
ture at each location from the zonally average field. [Based on data from the U.K. Meteorological Office HadISST dataset.
Courtesy of Todd P. Mitchell.]

P732951-Ch02.qxd  9/12/05  7:40 PM  Page 31

2. Plot the average SST over the 
oceans (e.g. upper figure)

3. Plot the SST departures (e.g. 
lower figure)

42

http://www.star.nesdis.noaa.gov/sod/lsa/SeaLevelRise
https://www.star.nesdis.noaa.gov/socd/lsa/SeaLevelRise/slr/slr_sla_gbl_keep_ref_90.csv
https://www.star.nesdis.noaa.gov/socd/lsa/SeaLevelRise/slr/slr_sla_gbl_keep_ref_90.csv
https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
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import numpy as np
import matplotlib.pyplot as plt
data=np.genfromtxt(“slr_sla_gbl_keep_txj1j2_90.csv",delimiter=',',comments='#')
time=data[:,0]
topex=data[:,1]
jason1=data[:,2]
jason2=data[:,3]
jason3=data[:,4]
plt.plot(time,topex,lw=3,label='Topex/Poseidon')
plt.plot(time,jason1,lw=3,label='Jason-1')
plt.plot(time,jason2,lw=3,label='Jason-2')
plt.plot(time,jason3,lw=3,label='Jason-3')
plt.legend(loc='upper left')
plt.ylabel(’Sea level rise (mm)',fontsize=14)
plt.title(’Global mean sea level',fontsize=16)

https://www.star.nesdis.noaa.gov/socd/
lsa/SeaLevelRise/slr/slr_sla_gbl_keep
_ref_90.csv Solution #1

import pandas as pd
df =pd.read_csv(file,delimiter=‘,')

43

import numpy as np
import matplotlib.pyplot as plt
data=np.genfromtxt(“slr_sla_gbl_keep_txj1j2_90.csv",delimiter=',',comments='#')
time=data[:,0]
topex=data[:,1]
jason1=data[:,2]
jason2=data[:,3]
jason3=data[:,4]
# to deal with NaN values
ttp=np.delete(time,np.argwhere(np.isnan(topex)))
tp=np.delete(topex,np.argwhere(np.isnan(topex)))
tjs1=np.delete(time,np.argwhere(np.isnan(jason1)))
js1=np.delete(jason1,np.argwhere(np.isnan(jason1)))
tjs2=np.delete(time,np.argwhere(np.isnan(jason2)))
js2=np.delete(jason2,np.argwhere(np.isnan(jason2)))
tjs3=np.delete(time,np.argwhere(np.isnan(jason3)))
js3=np.delete(jason3,np.argwhere(np.isnan(jason3)))
plt.plot(ttp,tp,lw=3,label='Topex/Poseidon')
plt.plot(tjs1,js1,lw=3,label='Jason-1')
plt.plot(tjs2,js2,lw=3,label='Jason-2')
plt.plot(tjs3,js3,lw=3,label='Jason-3')
plt.legend(loc='upper left')
plt.ylabel(’Sea level rise (mm)',fontsize=14)
plt.title(’Global mean sea level',fontsize=16)

Solution #2

44

https://www.star.nesdis.noaa.gov/socd/lsa/SeaLevelRise/slr/slr_sla_gbl_keep_ref_90.csv
https://www.star.nesdis.noaa.gov/socd/lsa/SeaLevelRise/slr/slr_sla_gbl_keep_ref_90.csv
https://www.star.nesdis.noaa.gov/socd/lsa/SeaLevelRise/slr/slr_sla_gbl_keep_ref_90.csv
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Appendix. netCDF

• netCDF (network Common Data Form):  a set of data formats, 
programming interfaces, and software libraries that help read 
and write scientific data files.

• developed and maintained at Unidata, University Corporation 
for Atmospheric Research (UCAR)

http://www.unidata.ucar.edu/software/netcdf/

netCDF files
• self describing   shows you what it contains
• portable  [machine independent]

45

Information normally contained in a netCDF file

• Dimensions 
ü name, length

• Variables: named arrays
ü name, type, shape, attributes, values
– Fixed sized variables: array of fixed dimensions
– Record variables: array with its most-significant dimension UNLIMITED à no 

limit in size, data can be extended along the unlimited dimension
– Coordinate variables: 1-D array with the same name as its dimension

• Attributes - “metadata about the data”
ü name, type, values, length
– Variable attributes
– Global attributes

46

http://www.unidata.ucar.edu/software/netcdf/
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netCDF file

temperature

rainfall

units: ºC

units: mm/d

VariablesDimensions

latitude

longitude

Attributes

latitude

longitude

Coordinate Variables

47

How to examine a netCDF?

In Jupyter notebook
• ! ncdump   file_name   | less            

• dumps the entire contents of a file
• ! ncdump -h   file_name  | less     

• dumps the header info
• ! ncdump -v  t2m  file_name   | less

Ncdump, ncgen is Unidata utilities, available when you install netCDF

48
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import numpy as np
import netCDF4 as nc
from netCDF4 import Dataset
# open a netcdf file
file='sst.mnmean.nc'
fh = Dataset(file, 'r')  # Dataset is the class behavior to open the netCDF file
                         # fh means the file handle of the open netCDF file
# print fh format
print fh.file_format
# print info about dimensions
print fh.dimensions.keys()
print fh.dimensions['time']
# print info about variables
print fh.variables.keys()
# print attributes
print fh.Conventions
for attr in fh.ncattrs():
        print attr, '=',getattr(fh,attr)
# Extract fh from NetCDF file
lat = fh.variables['lat'][:]  # extract/copy the fh
lon = fh.variables['lon'][:]
time = fh.variables['time'][:]
d_times=nc.num2date(fh.variables['time'][:],fh.variables['time'].units)
sst = fh.variables['sst'][:]  # shape is time, lat, lon as shown above
sst_units=fh.variables['sst'].units
fh.close() 
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