
Review of Lynne’s last lecture: 

What makes the ocean move? 



Force = mass ⨉ acceleration
F = m ⨉ a

a = dv / dt = rate of change in velocity

acceleration = [Sum of Forces] / mass



acceleration = [Sum of Forces] / mass

Force 1 Force 2+ =  ??

Net force, so accelerate to the right



acceleration = [Sum of Forces] / mass

Force 1 Force 2+ =  ??

NO net force, so no acceleration
X

But still could be velocity, it’s just that 
velocity isn’t CHANGING



Forces acting on the earth overall

1) Gravity 2) Centrifugal forceΩ

F=Ω2r



Zooming in

“real” gravity

Centrifugal force

“effective” 
gravity

Q: why doesn’t all the ocean 
water flow towards the 

equator?



Answer: it does!  Or rather the whole 
earth has reshaped itself

“real” gravity

Centrifugal force

“effective” 
gravity

With a “squashed” 
earth, the surface is 
perpendicular to the 

effective gravity



Sideways step - rate of change of temperature

dT

dt
= ?

1) Advection

warmercooler
dT

dx
> 0

Currents (U)
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Sideways step - rate of change of temperature
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Sideways step - rate of change of temperature

2) Diffusion

warmercooler
dT

dx
> 0

Flux goes DOWN GRADIENT

Flux = �
dT

dx



Sideways step - rate of change of temperature

warmercooler
dT

dx
> 0

Convergence or divergence of fluxes
dT

dt
= �d(Flux)

dx

Flux = �
dT

dx

dT

dt
= 

d2T

dx2





Sideways step - rate of change of temperature

dT

dt
=

1) Advection

warmercooler
dT

dx
> 0

Currents

2) Diffusion

�u
dT

dx
+ 

d2T

dx2



Sideways step - rate of change of temperature

Expanding to all directions

dT

dt
= �~u ·rT + r2T

dT

dt
= �u

dT

dx
� v

dT

dy
� w

dT

dz
+ (

d2T

dx2
+

d2T

dy2
+

d2T

dz2
)

dT

dt
+ ~u ·rT = r2T

DT

Dt
= r2T

Following a parcel of fluid, the 
only things that can change it 

are diffusion.  True? 
+Source/

Sink



What about salinity? 

Should the equation be the same for salt? 

DT

Dt
= r2T +Source/Sink

cooler warmer

saltier fresher



What about salinity? 

Should the equation be the same for salt? No! Salt diffuses 
MUCH more slowly.  

+Source/SinkDT

Dt
= Tr2T

DS

Dt
= Sr2S +Source/Sink

T

S

~10-7 m2/s

~10-9 m2/s

(book, chapter S7)



Net lessons for temperature/salinity equations

+Source/
Sink

DT

Dt
= Tr2T

DS

Dt
= Sr2S +Source/

Sink

• At any one place (d/dt), the change in temperature is due to 1) 
advection (movement) of water when there is a temperature gradient, 
2) diffusion to/from your cooler/warmer neighbors, and 3) sources/
sinks (solar heating, etc)

• If you are following along with a water parcel (D/DT) the advection 
term is gone, and only diffusion and sources/sinks change your 
temperature. 



Force = mass ⨉ acceleration
F = m ⨉ a

a = dv / dt = rate of change in velocity

Now moving on to “momentum equations”

In the ocean we don’t consider total mass (it’s not a 
discrete thing), but density = mass per unit volume

Sum of forces acting on that bit of 
volume, or parcel of water 

⇢
dU

dt
=

(Sum of forces acting on that bit of 
volume, or parcel of water )

dU

dt
=

1

⇢



Momentum equation: advective terms

dT

dt
=�u

dT

dx
+ 

d2T

dx2

The first couple terms look similar to those for temperature

du

dt
= �u

du

dx

What does advection mean here? 

+…..



du

dt
= �u

du

dx
� v

du

dy
� w

du

dz
+…..

Du

Dt
= +…..

Momentum equation: advective terms



DT

Dt
= Tr2T

What’s the equivalent term here? How do you “diffuse” 
velocity or momentum? 

motion: the flow field of the fluid, and, due to
their thermal energy, the randommotion ofmole-
cules within the flow field. The random molec-
ular motion carries (or advects) the larger scale
velocity from one location to another, and then
collisions with other molecules transfer their
momentum to each other; this smoothes out the
larger scale velocity structure (Figure S7.3).

The viscous stress within a Newtonian fluid
is proportional to the velocity shear. The propor-
tionality constant is the dynamic viscosity, which
has meter-kilogram-second (mks) units of
kg/m-sec. The dynamic viscosity is the product
of fluid density times a quantity called the kine-
matic viscosity, which has mks units of m2/sec.
For water, the kinematic viscosity is
1.8! 10"6 m2/sec at 0#C and 1.0! 10"6 m2/sec
at 20#C (Table S7.1).

Flow is accelerated or decelerated if there is
a variation in viscous stress from one location

to another. This is illustrated in Figure S7.1e,
where a viscous stress is produced by the
motion of a plate at the top of the fluid, with
a stationary plate at the bottom. The fluid
must stay with each plate, so the fluid velocity
at each boundary equals that plate velocity.

1. At very small times (leftmost panel), just after
the top plate starts to move, there is a large
variation in velocity in the fluid close to the
top plate, which means there is a large stress
there. The stress is associated with flux of
x-momentum down into the fluid from the
plate. Since there is much smaller stress
farther down in the fluid, there is a net
deposit of x-momentum in the fluid, which
accelerates it to the right.

2. At a later time (center panel), this acceleration
has produced velocity throughout the fluid
and the change in viscous stress from top to
bottom is reduced.

3. At a very large time (rightmost panel), the
viscous stress is the same at all locations
and there is no longer any acceleration; at
this time the velocity varies linearly from
top to bottom. (This is known as “Couette
flow.”) There is a stress on the fluid as
a whole, which is balanced by the frictional
stress of the fluid back on the plates; there
is dissipation of energy throughout the
fluid even though there is no local
acceleration.

Formally, for a Newtonian fluid, which is
defined to be a fluid in which stress is propor-
tional to strain (velocity shear), and if viscosity

TABLE S7.1 Molecular and Eddy Viscosities and Diffusivities (m2/sec)

Molecular, at salinity[ 35
Eddy: horizontal
(along-isopycnal)

Eddy: vertical
(diapycnal)

Viscosity 1.83! 10"6 m2/sec at 0 #C 1.05! 10"6 m2/sec at 20 #C 102 to 104 m2/sec 10"4 m2/sec

Thermal diffusivity 1.37! 10"7 m2/sec at 0 #C 1.46! 10"7 m2/sec at 20 #C 102 to 104 m2/sec 10"5 m2/sec

Haline diffusivity 1.3! 10"9 m2/sec 102 to 104 m2/sec 10"5 m2/sec

L‘ U‘

FLOW U

FIGURE S7.3 Illustration of molecular processes that
create viscosity. The mean flow velocity is indicated in gray
(U). L0 is the distance between molecules. U0 is the speed of
the molecules. Random molecule motions carry information
about large-scale flow to other regions, thus creating
(viscous) stresses. Viscous stress depends on the mean
molecular speed jU0j and mean molecular free path jL0j.

S7. DYNAMICAL PROCESSES FOR DESCRIPTIVE OCEAN CIRCULATION8

+Source/Sink

Du

Dt
= ⌫r2u +….. ⌫ is the kinematic viscosity

~1.8 10-6 m2/s

Momentum equation: viscous terms



Momentum equation: Stress / drag

At the surface or bottom of the ocean, instead of viscous stress (the 
ocean dragging on itself), you have 

Wind Stress: the wind ‘drags’ the ocean along with it. This speeds 
up the ocean currents, in the direction of the wind.  

Bottom drag: friction with the sea-floor slows down the flow. The 
strength of this effect increases with the current speed.  

Du

Dt
= ⌫r2u +….. Du

Dt
= �CDu2 +…..

at the ocean bottom!

Du

Dt
= ⌫r2u +….. +…..

at the ocean surface!
Du

Dt
=

1

⇢
⌧



think about some numbers

+Source/
Sink

DT

Dt
= Tr2T

A good way to get a basic feel for the answer is to 
look at the rough size and units of different terms 

[Temperature]
[Time] = 

[Temperature]
[Length]2

T

Think about how long it takes temperature in the 
profiles on the right to diffuse about 10 meters 
downwards from the ocean surface , by re-
arranging the rough equation above, and using
T ~10-7 m2/s



Stirring and mixing

Horizontal stirring and ultimately 
mixing: 

Gulf Stream (top): meanders and 
makes rings (closed eddies) that 
transport properties to a new 
location

Vertical stirring and 
ultimately mixing: 

Internal waves on an 
interface stir fluid, 
break and mix

(Bill Smyth)



• Molecular diffusivity and viscosity 
κT = 0.0014 cm2/sec   (temperature) 
κS = 0.000013 cm2/sec  (salinity) 

ν = 0.018 cm2/sec at 0°C  (0.010 at 20°C) 

▪ Eddy diffusivity and viscosity values for heat, salt, properties 
are the same size (same eddies carry momentum as carry heat 
and salt, etc) 
But eddy diffusivities and viscosities differ in the horizontal and 

vertical 

• Eddy diffusivity and viscosity 
AH = 104 to 108 cm2/sec (horizontal) = 1 to 104 m2/sec  
AV = 0.01 to 10 cm2/sec (vertical) = 10-6 to 10-3 m2/sec 

Eddy viscosity and diffusivity



Momentum equation: total

Du

Dt
= �1

⇢

dp

dx
+AH(

d2u

dx2
+

d2u

dy2
) +Av

d2u

dz2

Dv

Dt
= �1

⇢

dp

dy
+AH(

d2v

dx2
+

d2v

dy2
) +Av

d2v

dz2

Dw

Dt
= �1

⇢

dp

dz
+AH(

d2w

dx2
+

d2w

dy2
) +Av

d2w

dz2
+g

Redistribution of momentum 
within the ocean, tends to act 

gradually, sometimes ignored for 
some problems. But the surface/
bottom stress versions are not!!

Acceleration 
following a fluid 
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FIGURE 4.11 (a) Potential temperature (!C), (b) salinity (psu), (c) potential density sq (top) and potential density s4 (bottom) (kg m" 3), and (d)
oxygen (mmol/kg) in the Atlantic Ocean at longitude 20! to 25!W. Data from the World Ocean Circulation Experiment. This figure can also be found in
the color insert.
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More on the mixing term: let’s look at the large-
scale, smooth ocean circulation

(Talley et al, 2011)
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FIGURE 14.6 Net transports (Sv) in isopycnal layers across closed hydrographic sections (1 Sv ¼ 1 " 106 m3/sec). (a)
Three calculations from different sources are superimposed, each using three isopycnal layers (see header). Circles between
sections indicate upwelling (arrow head) and downwelling (arrow tail) into and out of the layer defined by the circle color.
This figure can also be found in the color insert. Source: From Maltrud and McClean (2005), combining results from their POP
model run, Ganachaud and Wunsch (2000), and Schmitz (1995). (b) Fourth calculation based on velocities from Reid (1994, 1997,
2003), with ribbons indicating flow direction and oveturn locations schematically. Source: From Talley (2008).

14. GLOBAL CIRCULATION AND WATER PROPERTIES482

(Talley et al, 2011)

World Ocean Circulation Experiment reveals more 
complex,  global “conveyor belt” patterns



[Hallberg & Gnanadesikan, JPO 2006]



With increasing resolution 
comes increasing complexity

1/10 deg

[Saba et al 2016]

[Gula et al 14]

1.5 km
500 m

150 m
1 deg

1/3 deg

1/10 deg
Musgrave et al 15

(J. Klymak)



Why care about diapycnal turbulent mixing? 

1. Deep and abyssal mixing set deep circulation patterns and 
energetically drive the MOC.

2. Mixing in the upper ocean controls SST and hence strongly 
affects air-sea fluxes, in both directions. 

3. Mixing at all depths influences the distributions of tracers, 
dissolved gasses, nutrients. 
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Large-scale, smooth ocean circulation

(Talley et al, 2011)



Whalen, Talley and MacKinnon, 2012
Whalen, MacKinnon, Talley,  Waterhouse 2015

Figure 1. Dissipation rate ! (W kg!1) estimated from over five years (2006 –2011) of Argo data. Estimates from high ver-
tical resolution data centered between (a) 250–500 m, (b) 500–1,000 m, and (c) 1,000–2,000 m are averaged over 1.5" square
bins and plotted if they contain more than three dissipation rate estimates. The underlying bathymetry is from the Smith and
Sandwell dataset [Smith and Sandwell, 1997] version 14.1.

Figure 2. Averaged diffusivity k (m2 s!1). Otherwise identical to Figure 1.

WHALEN ET AL.: GLOBAL OCEAN MIXING INFERRED FROM ARGO L18612L18612

3 of 6

Global patterns of turbulence

The strength of small-scale turbulence varies by a factor of 1000! 
It has systematic patterns related to physical processes we are 
starting to understand



Diapycnal (vertical) Mixing Mechanisms

Quantifying turbulence: 

Turbulent dissipation rate: 

Associated ‘eddy’ diffusivity:

ϵ [W/kg]

[m2/s]Kρ = 0.2
ϵ

N2

Buoyancy Flux: 

Jb = 0.2ϵ



Low Latitudes

deep 
convection

2 PW heat2 PW heat

downward
heat

diffustion (κ)

downward
heat

diffustion (κ)

heat convergence
upwelling

vortex strecthing
Stommel and Aarons

High Latitudes

Turbulent mixing makes the ocean go round

Determines large scale vertical transport of heat, C02, nutrients, 
etc.

Drives meridional overturning circulation by creating potential 
energy.  

Low Latitudes High Latitudes

breaking internal wavesbreaking internal waves

downward
heat

diffustion (K)

downward
heat

diffustion (K)

~ 1 TW

internal tide
~ 1 TW



Measuring turbulent mixing

“Direct” method:  dye dispersal (Ledwell et al., 2004)

Indirect method 1: measure turbulence, assume mixing follows

K� � 0.2
�

N2
turbulent dissipation rate

Assume Kρ ~ Kdye

(Osborn, 1980)



ϵ

Measuring mixing: microstructure

Approaching Turbulence I: Observations

...when you cannot measure it, when you cannot express it in numbers,

your knowledge is of a meagre and unsatisfactory kind

-Lord Kelvin

Modular Microstructure Profiles (MMP) = $$$
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15 15 

0 0 

150 180 150 120 

a good offense – p.7

Measure inertial subrange of 
turbulence, either with velocity 
probes or fast thermistors.  Fit 
turbulence model to estimate 
turbulent dissipation rate (   ) 

(Wesson and Gregg 94)



Measuring mixing: inference

Modeling Turbulence : Kinematics I

(1)(4)

(9)

�
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Kinetic Energy

Time

Turbulence in process: Thorpe Scaling
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Caveat: Must resolve overturns

a good offense – p.21

Modeling Turbulence : Kinematics I
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Caveat: Must resolve overturns

a good offense – p.21

Next largest scale - cant see full turbulent 
cascasde, but maybe the ‘outer scales’ of 
turbulence. The Thorpe scale (Lt) estimates 
the size of an overturn.   

This type of measurement can often be made 
with CTD data = mixing for the masses



Simmons et al. (2003):
enhanced mixing over rough 
topography 
=> change in global MOC

uniform mixingbottom-enhanced, 
spatially-variable mixing also:  Hasumi & Suginohara (1999), Huang (1999), Katsman 

(2006), Saenko (2006), Jochum (2009)

Constant κ = 1.2 10-4 Bottom-enhanced diffusivity
Palmer et al. (2007):

bottom-enhanced 
diffusivity 

=> deep overturning

Patchy mixing matters



Parameterizations of internal wave driven mixing will be 
available for general community use (https://github.com/CVMix)

Our task: use what we collectively know about internal wave physics to 
develop a dynamic parameterization of diapycnal mixing that captures 
global patterns properly so that they can evolve in a changing climate. 

BAMS article, December 17

Climate Process Team, 2010-2015

Wind-generated
internal waves

Downward 
turbulent 
heat diffusion

Internal
lee waves

Internal
tides

Sun- and Moon-
generated tides

Turbulent
mixing

Solar heat

Deep cold water

Warmer,
lighter water

J E N N I F E R  M A C K I N N O N

Turbulent mixing in the ocean interior 
plays a crucial part in driving down-
ward transport of heat and dissolved 

greenhouse gases and upward transport of 
biologically essential nutrients. It also ulti-
mately supplies the deep ocean with the 
energy that drives a global network of cur-
rents known as the meridional overturning 
circulation. Climate models that do not rep-
resent this mixing appropriately will be unable 
to reproduce present or future climate accu-
rately1. Many previous studies have focused 
on the breaking internal waves that are driven 
by tides and winds as the dominant source 
of that turbulence. In a paper published in  
Geophysical Research Letters, Nikurashin 
and Ferrari2 describe a previously under- 
appreciated dynamic mechanism — internal 
lee waves — that may significantly contribute 
to mixing in the deep ocean.

Away from the direct influence of surface 
forcing, most turbulent mixing in the ocean 
interior is driven by breaking internal gravity 
waves3. These propagate along and across den-
sity interfaces within the ocean, similar to the 
interfacial waves you might see between oil and 
vinegar in a glass or even between coffee and 
milk in a well-made cappuccino. Compared 
with the more familiar surface waves, internal 
waves are much slower, with periods of hours 
instead of seconds. Their breaking is in many 
ways analogous to that of surface waves on the 
beach, albeit in a slow-motion, larger-than-life 
way — the wave height may reach tens or even 
hundreds of metres3. But unlike waves at the 
beach (which lose all of their energy to heat 
or sound with each thunderous crash), some 
of the energy lost by breaking internal waves 
increases the potential energy of the ocean by 
mixing stratified water and raising its centre 
of mass. It is this potential energy that is even-
tually converted into the kinetic energy of the 
meridional overturning circulation.

Over the past decade, most of the focus of 
oceanographers has been on the geography 
and life cycle of internal waves created by 
winds and tides4. In the deep ocean, inter-
nal waves with tidal frequencies have been 
assumed to be a dominant mechanism for 
turbulent mixing. These internal tides are 

produced when the surface tide, generated by 
the Sun and Moon, forces dense water up and 
over sea-floor topography. This happens in the 
same way that tides pull and push water up and 
down the beach once or twice a day. As water 
goes back and forth, up and over, it perturbs 
the normally flat interfaces between density 
layers known as isopycnals, and creates inter-
nal waves along those surfaces. Some of that 
energy dissipates locally, producing a pattern 
of enhanced turbulence over rough topogra-
phy (Fig. 1). Recent analysis5 of climate models 
has shown that modelled ocean circulation and 
heat content are sensitive not only to the aver-
age level of turbulent mixing in the deep ocean, 
but also to its detailed geography.

In their study, Nikurashin and Ferrari dis-
cuss a related but relatively new player on the 
scene — internal lee waves. These are inter-
nal waves that are produced by comparatively 
steady flow over sea-floor topography. As 

with internal tides, dense water is forced up 
and over topographic obstacles and thus per-
turbs density surfaces. The idea is similar to 
the standing waves that delight river kayakers,  
or to atmospheric mountain waves over abrupt 
geographical features — such as Mount Rain-
ier in Washington — that are often visible as 
lenticular clouds. Although these waves seem 
stationary, energy propagates up into the 
overlying moving fluid. When the flow speed 
changes or waves become large, these internal 
lee waves can also break and produce turbulent 
mixing (Fig. 1). In the atmosphere, inclusion 
of the dynamic consequences of mountain 
waves is known to be important for accurate 
weather forecasts.

Nikurashin and Ferrari argue that internal 
lee waves may be prominent in places where 
strong deep flows encounter rough topogra-
phy. In particular, their theoretical calcula-
tions highlight the Southern Ocean, where the 
strong Antarctic Circumpolar Current flows 
over the rough topography of Drake Passage, 
which lies between South America and the 
Antarctic Peninsula. They propose that turbu-
lent mixing associated with breaking internal 
lee waves, when globally integrated, contrib-
utes one-third of the mixing required to trans-
form the deepest dense water into less-dense 
water. Using formulations for mixing induced 
by lee waves and by internal tides, they calcu-
late the total rate of water-mass transformation 
to be 20–30 sverdrups (1 sverdrup is 106 m3 s–1), 
which is of the same order as that calculated by 
other measures of the deepest component of 

O C E A N O G R A P H Y

Mountain waves  
in the deep ocean
Internal lee waves are a player in ocean dynamics that may make an important 
contribution to deep-ocean mixing. They warrant serious consideration for 
inclusion in the next generation of climate models. 

Figure 1 | Ocean mixing. Turbulent mixing (curly arrows) is driven by breaking internal waves in 
the ocean interior. It transports solar heat downwards from the surface to the abyss and transforms 
the deepest, coldest waters into warmer, less-dense waters. Internal waves are generated by three main 
mechanisms: Moon- and Sun-generated tidal flow over steep or rough topography (lower right); 
fluctuating wind stress on the ocean surface (upper left); and quasi-steady flow over rough topography 
(lower left). This last mechanism, which produces the internal lee waves investigated by Nikurashin and 
Ferrari2, is analogous to mountain waves in the atmosphere.
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Lateral mixing

FIG. 6. Instantaneous surface speed in 1° and 1⁄6° models after 40 yr. Note that the large-scale structure of the 1° model is quite similar to the 1⁄6° model (the currents have similar
locations and have similar horizontal extents). The main difference is in the presence of intense jets and eddies in the 1⁄6° model.
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Chapter 5 Observations: Oceanic Climate Change and Sea Level

Frequently Asked Question 5.1
Is Sea Level Rising?

Yes, there is strong evidence that global sea level gradually 
rose in the 20th century and is currently rising at an increased 
rate, after a period of little change between AD 0 and AD 1900. 
Sea level is projected to rise at an even greater rate in this century. 
The two major causes of global sea level rise are thermal expan-
sion of the oceans (water expands as it warms) and the loss of 
land-based ice due to increased melting.

Global sea level rose by about 120 m during the several mil-
lennia that followed the end of the last ice age (approximately 
21,000 years ago), and stabilised between 3,000 and 2,000 years 
ago. Sea level indicators suggest that global sea level did not 
change signifi cantly from then until the late 19th century. The 
instrumental record of modern sea level change shows evidence 
for onset of sea level rise during the 19th century. Estimates for 
the 20th century show that global average sea level rose at a rate 
of about 1.7 mm yr–1. 

Satellite observations available since the early 1990s provide 
more accurate sea level data with nearly global coverage. This 
decade-long satellite altimetry data set shows that since 1993, sea 
level has been rising at a rate of around 3 mm yr–1, signifi cantly 
higher than the average during the previous half century. Coastal 
tide gauge measurements confi rm this observation, and indicate 
that similar rates have occurred in some earlier decades.

In agreement with climate models, satellite data and hydro-
graphic observations show that sea level is not rising uniformly 
around the world. In some regions, rates are up to several times the 
global mean rise, while in other regions sea level is falling. Sub-
stantial spatial variation in rates of sea level change is also inferred 
from hydrographic observations. Spatial variability of the rates of 
sea level rise is mostly due to non-uniform changes in temperature 
and salinity and related to changes in the ocean circulation. 

Near-global ocean temperature data sets made available in 
recent years allow a direct calculation of thermal expansion. It 
is believed that on average, over the period from 1961 to 2003, 
thermal expansion contributed about one-quarter of the observed 
sea level rise, while melting of land ice accounted for less than 
half. Thus, the full magnitude of the observed sea level rise during 
that period was not satisfactorily explained by those data sets, as 
reported in the IPCC Third Assessment Report.

During recent years (1993–2003), for which the observing 
system is much better, thermal expansion and melting of land 
ice each account for about half of the observed sea level rise, 
although there is some uncertainty in the estimates. 

The reasonable agreement in recent years between the observed 
rate of sea level rise and the sum of thermal expansion and loss of 
land ice suggests an upper limit for the magnitude of change in 
land-based water storage, which is relatively poorly known. Mod-
el results suggest no net trend in the storage of water over land 
due to climate-driven changes but there are large interannual and 
decadal fl uctuations. However, for the recent period 1993 to 2003, 

the small discrepancy between observed sea level rise and the sum 
of known contributions might be due to  unquantifi ed human-
induced processes (e.g., groundwater extraction, impoundment in 
reservoirs, wetland drainage and deforestation). 

Global sea level is projected to rise during the 21st century at 
a greater rate than during 1961 to 2003. Under the IPCC Special 
Report on Emission Scenarios (SRES) A1B scenario by the mid-
2090s, for instance, global sea level reaches 0.22 to 0.44 m above 
1990 levels, and is rising at about 4 mm yr–1. As in the past, sea 
level change in the future will not be geographically uniform, 
with regional sea level change varying within about ±0.15 m of 
the mean in a typical model projection. Thermal expansion is pro-
jected to contribute more than half of the average rise, but land 
ice will lose mass increasingly rapidly as the century progresses. 
An important uncertainty relates to whether discharge of ice from 
the ice sheets will continue to increase as a consequence of accel-
erated ice fl ow, as has been observed in recent years. This would 
add to the amount of sea level rise, but quantitative projections of 
how much it would add cannot be made with confi dence, owing 
to limited understanding of the relevant processes.

Figure 1 shows the evolution of global mean sea level in 
the past and as projected for the 21st century for the SRES A1B 
scenario. 

FAQ 5.1, Figure 1. Time series of global mean sea level (deviation from the 
1980-1999 mean) in the past and as projected for the future. For the period before 
1870, global measurements of sea level are not available. The grey shading shows 
the uncertainty in the estimated long-term rate of sea level change (Section 6.4.3). 
The red line is a reconstruction of global mean sea level from tide gauges (Section 
5.5.2.1), and the red shading denotes the range of variations from a smooth curve. 
The green line shows global mean sea level observed from satellite altimetry. The 
blue shading represents the range of model projections for the SRES A1B scenario 
for the 21st century, relative to the 1980 to 1999 mean, and has been calculated 
independently from the observations. Beyond 2100, the projections are increasingly 
dependent on the emissions scenario (see Chapter 10 for a discussion of sea level 
rise projections for other scenarios considered in this report). Over many centuries or 
millennia, sea level could rise by several metres (Section 10.7.4).

Climate change uncertainties


