
Climate 
Change

AT350

Massachusetts vs. EPA. Nov. 29, 2006.

JUSTICE SCALIA: "...your assertion is that after the pollutant 
leaves the air and goes up into the stratosphere it is contributing 
to global warming."

MR. MILKEY: "Respectfully, Your Honor, it is not the 
stratosphere. It's the troposphere.

JUSTICE SCALIA: "Troposphere, whatever. I told you before I'm 
not a scientist. That's why I don't want to have to deal with global 
warming, to tell you the truth."

- Some basic physics/the theoretical basis

- Observations

- Attribution

- Outlook for the future
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Balance for earth system

Earth’s radiative equilibrium temperature: -18 C

Global mean surface temperature: + 15 C

Absorption spectra

longer wavelengths 
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Some observations: CO2
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Variations in atmospheric CO2 concentrations on different time-scales
Figure 10: Variations in

atmospheric CO2 concentration on

different time-scales. (a) Direct

measurements of atmospheric CO2.

(b) CO2 concentration in Antarctic

ice cores for the past millenium.

Recent atmospheric measurements

(Mauna Loa) are shown for

comparison. (c) CO2 concentration

in the Taylor Dome Antarctic ice

core. (d) CO2 concentration in the

Vostok Antarctic ice core. (Different

colours represent results from

different studies.) (e to f)

Geochemically inferred CO2

concentrations. (Coloured bars and

lines represent different published

studies) (g) Annual atmospheric

increases in CO2. Monthly

atmospheric increases have been

filtered to remove the seasonal

cycle. Vertical arrows denote El

Niño events. A horizontal line

defines the extended El Niño of

1991 to 1994. [Based on Figures

3.2 and 3.3]
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Some information about carbon dioxide changes through four past ice
ages (from ice cores), and in the modern era (from global data)

It is well established that there is more carbon dioxide in the
atmosphere today than there was in more than the past half million
years.  These unprecedented CO2 increases are due to fossil fuel
burning and are the dominant cause of today’s global warming.

The past 100 years 

Last interglacial

Ice ages
are
'forced'
by
earth’s
orbital
clock….

CO2 from Vostok

Observed temperatures
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Observed temperature trends

June-August, 1880-2005



Figure 1: Variations of the Earth’s
surface temperature over the last
140 years and the last millennium.

(a) The Earth’s surface temperature is

shown year by year (red bars) and

approximately decade by decade (black

line, a filtered annual curve suppressing

fluctuations below near decadal 

time-scales). There are uncertainties in

the annual data (thin black whisker

bars represent the 95% confidence

range) due to data gaps, random

instrumental errors and uncertainties,

uncertainties in bias corrections in the

ocean surface temperature data and

also in adjustments for urbanisation over

the land. Over both the last 140 years

and 100 years, the best estimate is that

the global average surface temperature

has increased by 0.6 ± 0.2°C.

(b) Additionally, the year by year (blue

curve) and 50 year average (black

curve) variations of the average surface

temperature of the Northern Hemisphere

for the past 1000 years have been

reconstructed from “proxy” data

calibrated against thermometer data (see

list of the main proxy data in the

diagram). The 95% confidence range in

the annual data is represented by the

grey region. These uncertainties increase

in more distant times and are always

much larger than in the instrumental

record due to the use of relatively sparse

proxy data. Nevertheless the rate and

duration of warming of the 20th century

has been much greater than in any of

the previous nine centuries. Similarly, it

is likely7 that the 1990s have been the

warmest decade and 1998 the warmest

year of the millennium. 

[Based upon (a) Chapter 2, Figure 2.7c

and (b) Chapter 2, Figure 2.20]
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Variations of the Earth's surface temperature for:

(a) the past 140 years

(b) the past 1,000 years

GLOBAL

NORTHERN HEMISPHERE

Data from thermometers (red) and from tree rings, 
corals, ice cores and historical records (blue).
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Figure 6: Time-series of relative sea level for the past 300 years from Northern Europe: Amsterdam, Netherlands; Brest, France; Sheerness, UK;

Stockholm, Sweden (detrended over the period 1774 to 1873 to remove to first order the contribution of post-glacial rebound); Swinoujscie, Poland

(formerly Swinemunde, Germany); and Liverpool, UK. Data for the latter are of “Adjusted Mean High Water” rather than Mean Sea Level and

include a nodal (18.6 year) term. The scale bar indicates ±100 mm. [Based on Figure 11.7]

ago, with an average rate of about 10 mm/yr. Based on
geological data, eustatic sea level (i.e., corresponding to a
change in ocean volume) may have risen at an average rate
of 0.5 mm/yr over the past 6,000 years and at an average rate
of 0.1 to 0.2 mm/yr over the last 3,000 years. This rate is
about one tenth of that occurring during the 20th century.
Over the past 3,000 to 5,000 years, oscillations in global sea
level on time-scales of 100 to 1,000 years are unlikely to
have exceeded 0.3 to 0.5 m.

B.5 Observed Changes in Atmospheric and
Oceanic Circulat ion Patterns

The behaviour of ENSO (see Box 4 for a general description),
has been unusual since the mid-1970s compared with the
previous 100 years, with warm phase ENSO episodes being
relatively more frequent, persistent, and intense than the
opposite cool phase. This recent behaviour of ENSO is
reflected in variations in precipitation and temperature over
much of the global tropics and sub-tropics. The overall effect

Sea level

Observations

Context

Global mean temperatures were ~3C lower 
during the last glacial maximum

Context

Small changes in temperature are associated 
with large changes in the incidence of 
extremes.



Context

Central European temperatures

Feedbacks: water vapor

saturation vapor pressure1) relative humidity = 
vapor pressure

2) saturation vapor pressure is a function of temperature

- examples : dry indoor air/cloud formation/climate

Absorption spectra Feedbacks: ice/snow albedo



Attribution

natural variability

observations vs.
full forcing

For the six illustrative SRES emissions scenarios, projected
emissions of indirect greenhouse gases (NOx, CO, VOC),
together with changes in CH4, are projected to change the
global mean abundance of the tropospheric hydroxyl radical
(OH), by −20% to +6% over the next century. Because of the
importance of OH in tropospheric chemistry, comparable, but
opposite sign, changes occur in the atmospheric lifetimes of
the greenhouse gases CH4 and HFCs. This impact depends in
large part on the magnitude of and the balance between NOx
and CO emissions. Changes in tropospheric O3 of –12 to +62%
are calculated from 2000 until 2100. The largest increase
predicted for the 21st century is for scenarios A1FI and A2
and would be more than twice as large as that experienced
since the Pre-industrial Era. These O3 increases are attributable
to the concurrent and large increases in anthropogenic NOx
and CH4 emissions.

The large growth in emissions of greenhouse gases and other
pollutants as projected in some of the six illustrative SRES
scenarios for the 21st century will degrade the global
environment in ways beyond climate change. Changes
projected in the SRES A2 and A1FI scenarios would degrade
air quality over much of the globe by increasing background
levels of tropospheric O3. In northern mid-latitudes during
summer, the zonal average of O3 increases near the surface
are about 30 ppb or more, raising background levels to about
80 ppb, threatening the attainment of current air quality
standards over most metropolitan and even rural regions and
compromising crop and forest productivity. This problem
reaches across continental boundaries and couples emissions
of NOx on a hemispheric scale.

Except for sulphate and black carbon, models show an 
approximately linear dependence of the abundance of
aerosols on emissions. The processes that determine the
removal rate for black carbon differ substantially between the
models, leading to major uncertainty in the future projections
of black carbon. Emissions of natural aerosols such as sea
salt, dust, and gas phase precursors of aerosols such as
terpenes, sulphur dioxide (SO2), and dimethyl sulphide
oxidation may increase as a result of changes in climate and
atmospheric chemistry.

The six illustrative SRES scenarios cover nearly the full range
of forcing that results from the full set of SRES scenarios.
Estimated total historical anthropogenic radiative forcing
from 1765 to 1990 followed by forcing resulting from the six
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Figure 18: Atmospheric concentrations of CO2, CH4 and N2O resulting

from the six SRES scenarios and from the IS92a scenario computed

with current methodology. [Based on Figures 3.12 and 4.14]

Projections

business as usual

aggressive changes in 
fossil fuel consumption
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Figure 22: Simple model

results: (a) global mean

temperature projections for the

six illustrative SRES scenarios

using a simple climate model

tuned to a number of complex

models with a range of climate

sensitivities. Also for

comparison, following the same

method, results are shown for

IS92a. The darker shading

represents the envelope of the

full set of thirty-five SRES

scenarios using the average of

the model results (mean climate

sensitivity is 2.8°C). The lighter

shading is the envelope based

on all seven model projections

(with climate sensitivity in the

range 1.7 to 4.2°C). The bars

show, for each of the six

illustrative SRES scenarios, the

range of simple model results in

2100 for the seven AOGCM

model tunings. (b) Same as (a)

but results using estimated

historical anthropogenic forcing

are also used. [Based on

Figures 9.14 and 9.13b] 

Projections

68

A2

B2

Figure 20: The annual

mean change of the

temperature (colour

shading) and its range

(isolines) (Unit: °C) for the

SRES scenario A2 (upper

panel) and the SRES

scenario B2 (lower panel).

Both SRES scenarios

show the period 2071 to

2100 relative to the period

1961 to 1990 and were

performed by OAGCMs.

[Based on Figures 9.10d

and 9.10e] 

Projections

2071-2100 minus 1961-1990 (C)



We’re in it for the long haul

- Role of clouds

Uncertainties

- Role of land ice in sea level change

Uncertainties

- Data quality (especially upper air data <1979)

Uncertainties



Who?

Scientists provide information to policy makers and 
educate society.

But society - not the scientific community - needs to 
decide what level of risk is acceptable.

Common questions I might get on an airplane...

Doesn’t climate vary naturally?

Doesn’t the ocean change climate?

Doesn’t the sun change climate?

Aren’t the data wrong?

Volcanic Activity

Mt. Pinatubo Stratospheric Sulfur Plume - 1991

Saharan Dust Aerosol



Mexican Fire Smoke Plume

The ocean in climate
• Upwelling
• The Ekman layer
• Sverdrup balance
• Gyre circulations, western boundary currents
• The thermohaline circulation
• ENSO

Ocean Currents
• Ocean currents play an important role in the 

global transport of energy
– Help balance surplus input of energy near equator 

and excess loss of energy near poles
• ~40% of total heat transport in NH is from surface ocean 

currents
– In the NH, ocean currents carry warm water north 

along the western side of the Atlantic and Pacific
• What determines surface current patterns?



Average surface ocean currents General Circulation - July

How the atmosphere drives the ocean
The layer where the ocean “feels” the atmosphere 
directly is called the Ekman layer.

Surface wind

net motion in upper layer of ocean

motion at surface

motion at bottom of Ekman layer (~100 m)

(looking down on the ocean)

Ekman layer and upwelling
• Surface currents are driven largely by atmospheric 

wind patterns
– Water is deflected from wind direction (typically 20-45 

degrees at surface) by Coriolis force
• Greater deflection occurs in deeper layers
• 90 degrees is average deflection over 100 m surface layer
• Do icebergs drift with the wind?

Coastal
upwelling
brings cold
 water to the

surface



Mean sea surface temperatures during August
Upwelling The Ekman layer and ocean gyres.

•The thermocline is at the bottom of the Ekman layer. Marked by
large vertical temperature gradients.
•Piling up of water in the Ekman layer squishes the column below

The force balance in an ocean gyre

What happens to the squished water below the gyre?

•Columns that are “squished” want to 
move to a lower latitude. Why?

Angular momentum ~
(rotation of column/column height)

•If we have high pressure sitting over 
much of the subtropical North Atlantic, 
what kind of motion must we have?

•Why do we have a gulf stream?



Big picture concepts:
1. Only the top ~100 meters of the ocean ‘feel’ the wind 

directly. 

2. At the surface, the flow is slightly to the right of the 
wind. As you descend through the surface “Ekman 
layer”, the flow rotates increasingly rightward. 

3.  The average flow through the ~100 meters is to the right 
of the wind (in the NH). 

4. The deep ocean is driven by convergence/divergence in 
the Ekman layer. Squished columns move south and vice 
versa. The subsurface ocean is also driven by the 
“thermohaline” circulation.

The thermohaline circulation
•Gyre circulations are driven by the wind. 
The thermohaline circulation is driven by 
differences in density/convection. 

Cold, salty blob of water

North Equator South

(looking eastward)

The thermohaline circulation
•Cold, salty water sinks. This drives an overturning 
circulation.

North Equator South

The Ocean Conveyor Belt



The ocean in climate:
Concepts:
WIND DRIVEN CIRCULATION:

THERMOHALINE CIRULATION:
 - driven by sinking of cold, salty water. Why is there no deep 
water formed in the North Pacific? Why is the Atlantic saltier?

Note that the ocean is driven by atmosphere, but that the 
ocean impacts the atmosphere as well…next we’ll look at 
coupled ocean/atmosphere interactions…

El Niño Southern Oscillation (ENSO)
• Trade winds promote cold water upwelling in eastern tropical Pacific

– Cool, deep water is nutrient rich and supports rich ecosystem (plankton, fish, 
birds,…)

• Weaker trades lead to weaker upwelling. Warm nutrient-poor tropical water 
replaces the cold, nutrient-rich water .
–  called El Niño (boy child)

• Every few years this El Niño (surface warming) persists and is widespread
– Huge ecosystem and economic losses
– Alters weather pattern over a large region

South AmericaIndonesia

1 - trade winds “cause” the observed east-west gradient in SST
2 - gradient in SST drives a convection “loop” in the atmosphere 
that maintains the trades.

South AmericaIndonesia

1 - if trade winds weaken, so does east-west gradient in SST
2 - if gradient in SST weakens, convection “loop” weakens.
This reinforces the original weakening of the trades.



South AmericaIndonesia

1 - no trade winds = no east-west gradient in SST = no
east-west “convective loop” = no trades, etc. 

Strong Trade Winds
Surface water flows toward west
Convection over western Pacific
Warm Pool over western Pacific
Cool SST’s over Northern
   South America and Southern
  US Coasts

Weak Trade Winds
Surface water flows toward east
Convection shifts to central Pacific
Warm Pool shifts to central Pacific
Warm SST’s over Northern
  South America and Southern US
  Coasts

Deep
 therm

oclin
e

Shallow th
erm

oclin
e

El Niño

La Niña

Normal

Sea Surface Temperatures
  oC

La Niña: cold surface water
moves over central and

eastern Pacific.

El Niño

La Niña

Normal

Sea Surface 
Temperature
Anomalies oC



N. American Winter Weather 
Impacts of El Niño


