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Today’s Outline
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2 THE EARTH SYSTEM: PHYSICAL AND CHEMICAL DIMENSIONS OF GLOBAL ENVIRONMENTAL CHANGE

affected by an imposed change in diverse and complicated
ways, ways that may be hard to distinguish from those of
a spontaneous change within the system (see Chaos and
Predictability, Volume 1).

An artist’s rendering of climate variability on all time
scales is provided in Figure 1(a). It is meant to summarize
our knowledge of the relative power S , i.e., the amount
of variability in a given frequency band, between f and
(f C df ); here frequency f is the inverse of period T ,
f D 1/T , and df indicates a small increment. This power
spectrum is not computed directly by spectral analysis from
a time series of a given climatic quantity, such as (local or
global) temperature; indeed, there is no single time series
that is 107 years long and has a sampling interval of hours,
as the figure would suggest.

Instead, Figure 1(a) represents a composite of informa-
tion obtained by analyzing the spectral content of many
different climatic series. The figure reflects the three types
of variability mentioned earlier: sharp lines that corre-
spond to periodically forced variations, at one day and
one year; broader peaks that arise from internal modes of
variability; and a continuous portion of the spectrum that
reflects stochastically forced variations, as well as deter-
ministic chaos. The latter represents the irregular variations
that result from the deterministic interplay of non-linear
feedbacks.

Between the two sharp lines at one day and one year
lies the synoptic variability of mid-latitude weather sys-
tems, concentrated at 3–7 days, as well as intraseasonal
variability, i.e., variability that occurs on the time scale
of 1–3 months. The latter is also called atmospheric low-
frequency variability. This name refers to the fact that
the variability in question has lower frequency, or longer
period, than the so-called baroclinic instability of large-
scale atmospheric flow that gives rise to the development
of weather systems. The periods associated with intrasea-
sonal variability exceed even the duration of these weather
systems’ complete life cycle, from their birth in the storm
tracks off the east coasts of the major landmasses to their
decay further to the east, across an entire ocean basin.
Intraseasonal variability comprises phenomena such as the
40–50-day Madden-Julian oscillation of winds and cloudi-
ness in the tropics, as well as the alternation between
episodes of zonal and blocked flow in mid-latitudes. Both of
these phenomena involve exchanges of angular momentum
between the atmosphere, the oceans and the land: as the
winds speed up, the Earth rotation slows down, and vice-
versa (Ghil and Childress, 1987; Ghil and Robertson,
2000).

Immediately to the left of the seasonal cycle in Figure 1(a)
lies interannual, i.e. year to year, variability. This variabil-
ity is dominated by ENSO-related phenomena and involves
the interaction of the seasonal cycle with internal modes of
variability of the ocean-atmosphere system in the tropical
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Figure 1 Power spectra of climate variability. (a) Compo-
site spectrum over the last 10 Myr (1 Myr D 106 year;
1 kyr D 103 year). (b) Spectrum of the Central England
record; physical causes of the peaks are tentative (after
Plaut et al., 1995)

Pacific (Philander, 1990; Neelin et al., 1998). Additional
forms of interannual and interdecadal variability in higher
latitudes are associated with the North Atlantic Oscillation,
the Pacific Decadal Oscillation, and the Arctic Oscillation
(see Arctic Oscillation, Volume 1; North Atlantic Oscilla-
tion, Volume 1; Pacific–Decadal Oscillation, Volume 1).

The emphasis of climate research in the second half
of the 20th century has shifted farther and farther to
the left in the composite spectrum of Figure 1(a). It has
proceeded from the study of weather systems in the 1950s
and 1960s to that of intraseasonal variability in the 1970s
and 1980s and on to interannual variability in the 1980s and

Climate Variations
The climate is not 
steady, but changes 
constantly


These changes occur in 
many forms with many 
timescales


Also has different 
spatial scales, but all 
are at least regional

Terminology alert
“Variability” is internal to the climate system


(External) factors can drive climate: “forcings”


Forcings can be natural or “anthropogenic” (caused 
by humans)


“Orbital variability” is a special case


It drives climate, so is a forcing (see later)


The variability refers to the orbit, not the climate 



Dominates climate 
variability


Occurs in equatorial Pacific


Involves both ocean and 
atmosphere


Global consequences


El Niño raises global mean 
temperature by 0.25oC  

El Niño Southern Oscillation 
(ENSO)

Main El Niño or La Niña lasts six 
months 


Return period of 2-7 years 
(normally 4)


Predictable up to year ahead


Likely a neutral year this winter

El Niño Time Behaviour 

Oceanic Aspects
Heat fluxes across the ocean surface deter-
mine sea surface temperatures over much of
the globe. The tropics, however, are different
because there the dynamical response of the
oceans to the winds is of primary importance.
This is because the warm surface waters of
the tropics constitute only a very shallow
layer floating on the cold water below. The
winds, by causing variations in the depth of
the thermocline, can expose cold water to the
surface. For example, intense westward trade
winds along the equator during La Niña drive
the warm waters westward while bringing
cold water to the surface in the east, thus
contributing to the temperature pattern shown
in Fig. 1C. The pattern in Fig. 1B appears
when a relaxation of those winds during El
Niño allows the warm water to flow back
eastward. The winds—intense during La
Niña, relaxed during El Niño—cause a con-
tinual horizontal redistribution of the warm
surface waters, which results in the tempera-
ture fluctuations seen in Fig. 1. This redistri-
bution is effected by changes in the complex
system of tropical currents and undercur-
rents—some are westward and some are east-
ward—and involves waves of various types
that propagate back and forth across the
ocean basin. The responses of the Indian
Ocean to the abrupt changes in monsoonal
winds, the Atlantic to the gradual seasonal
fluctuations of the trades, and the Pacific to
the wind variations associated with El Niño
and La Niña provide a wealth of information
about the oceanic response to different wind-
stress patterns. The instruments developed
for measurements of the surface and subsur-
face temperature and current fluctuations as-
sociated with the various phenomena made it
possible by the early 1990s to continually
monitor the tropical Pacific Ocean with an
array of instruments (shown in Fig. 2) (3–5).
The measurements are relayed by satellite to
certain locations in the United States. The
information was of crucial importance for the
prediction of the El Niño of 1997.

The availability of detailed measurements
of the different oceanic phenomena in the
tropics led to the development of a hierarchy
of models (6 ). Some are highly idealized and
serve to study isolated aspects of complex
reality, for example, the spectrum of waves
that travel along the equator. The most so-
phisticated models—the oceanic counterparts
of the atmospheric models used for weather
forecasts—are capable of realistic simula-
tions of the tropical Pacific over many dec-
ades, provided that the surface winds are
specified. These models are now used to in-
terpolate the measurements from the array of
instruments shown in Fig. 2, thus providing
very detailed descriptions of conditions in the
Pacific (7 ). That information is needed to
initialize coupled ocean-atmosphere models

for the prediction of climate variability on
seasonal and interannual time scales, includ-
ing the prediction of El Niño.

Interactions Between the Ocean and
Atmosphere
The explanation for El Niño and La Niña in-
volves a circular argument: Changes in sea
surface temperature are both the cause and con-
sequence of wind fluctuations. It follows that
interactions between the ocean and atmosphere
can amount to positive feedbacks. Consider, for
example, conditions during La Niña, when in-
tense trade winds keep the warm surface waters
along the equator in the far west, thus maintain-
ing a zonal temperature gradient that contrib-
utes to the intense winds. A modest disturbance
in the form of a brief burst of westerly winds

near the date line—winds that are common in
the western equatorial Pacific—will generate
currents that transport some of the warm water
eastward, thus decreasing the zonal tempera-
ture gradient. The resultant weakening of the
trade winds will cause more warm water to
flow eastward, causing even weaker winds.
That is how El Niño can develop from a
modest initial disturbance. Such positive
feedbacks between the ocean and atmosphere
occurred in the equatorial Pacific in early
1997 when the eastward progression of warm
waters was accompanied by the simultaneous
weakening of the easterly trades (8). (The
oceanic aspects of these developments de-
pend on the wind forcing and differ from
Kelvin waves that are unforced modes of
oscillation of the ocean.)

Fig. 1. (A) The interannual oscillations in sea surface temperature (SST) at the equator in the
eastern Pacific (averaged over the area 5°S to 5°N, 80° to 120°W) shown on the background of the
decadal fluctuation (obtained by means of a low-pass filter) after removal of the annual cycle and
higher frequency variability. The horizontal dot-dashed line is the time average for the record. Sea
surface temperatures (°C) at the peaks of (B) El Niño in March 1983 and (C) La Niña in September
1955. Some of the differences between (B) and (C) (high temperatures that extend far north in
September and far south in March) are attributable to the seasonal cycle.
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North Atlantic Oscillation

Variations in the strength of the pressure gradient 
between Iceland and Azores


Steers the storm track (a mechanism of heat transport)

Climate Change

Climate variability 
occurs around a steady, 
average climate


This average (and its 
distribution) can change


Has changed in the past



Global mean temperature
A common metric


Spatial averaging 
removes much noise


Instrumental from 1850

Inferred from proxies 
before then


Coverage reduces as 
head back in time

Long view: temperature
Derived from ice core, 
with CO2 from bubbles


Temperature from 
isotopic ratios


Move in lockstep

Benthic oxygen isotope 
ratios (light is cold & icy)


Gradual cooling over 
over 50 million years

Spatial Pattern

Warming is not uniform 
(i.e. latitude variations)


Statistically significant 
over most globe (black 
stars)


Trend is accelerating

Cryosphere
Arctic is bellweather


Massive reductions in 
summer sea ice

Greenland glaciers 
retreating


Land ice contributes to 
sea level rise
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Sea Level Rise

Global sea level rising


Just under half from 
ocean warming


Most of the rest 
comes from warming

Volume of water in ocean increases from reduced land 
storage (e.g. ice sheets) and thermal expansion


Local sea level also effected by land movements (isostatic 
rebound) and ocean currents (dynamic topography)

Orbital Variability

Glacial/interglacials over past 
2.7 million years respond to orbit

Forcings & Feedbacks: 
Terminology

Forcing = Driver


Something that causes 
an imbalance in the top 
of atmosphere flux


It drives/forces the 
climate system into 
another state


Can be natural or 
anthropogenic

Feedback = Response


Blackbody response 
will occur to remove 
imbalance (σT4)


Positive feedback 
amplifies and negative 
one reduces this


Mainly natural or 
anthropogenic

Final Draft (7 June 2013) Chapter 8 IPCC WGI Fifth Assessment Report 

Do Not Cite, Quote or Distribute 8-114 Total pages: 139 

 

 
 
Figure 8.11: Reconstructions of Total Solar Irradiance since1745,annual resolution series from Wang et al. (2005) with 
and without an independent change in the background level of irradiance, Krivova et al. (2010) combined with Ball et 
al. (2012), and 5-year time resolution series from Steinhilber et al. (2009) and Delaygue and Bard (2011). The series are 
standardized to the PMOD measurements of solar cycle 23 (1996–2008) (PMOD is already standardized to TIM). 
  

Natural Forcings
Solar output varies


11 sunspot cycle


Centennial scale changes with 
sunspots


Only 0.05±0.05 Wm-2 of forcing 

Volcanoes erupt, ejecting aerosol into 
the stratosphere


Cools planet


Impacts of event last for a couple of 
years


No eruptions impacting 2011 (globally)



The carbon dioxide has 
increased over recent years


Preindustrial level was 278 
ppm (i.e. 1750)


Oxygen reduced 
accordingly


Increased 13C depletion: 
showing anthropogenic


’11 forcing: 1.82±0.19 Wm-2

Greenhouse Gases: 
Carbon Dioxide

Preindustrial levels of 720 
ppb


Earlier anthropogenic 
increase (farming)


Rates of increase slowed, 
but still increasing


Lifetime of 12yrs, each 
molecule has 26x the 
impact of CO2


’11 forcing: 0.48±0.05 Wm-2 

Greenhouse Gases: 
Methane

Preindustrial levels 
roughly 270 ppb


Only weak seasonal 
variations


Lifetime of 114yrs, 
each molecule has 
200x the impact of 
CO2


’11 forcing: 
1.17±0.03 Wm-2 

Greenhouse Gases: 
Nitrous Oxide

A variety of other gases 
are radiatively active


Relatively small 
amounts of all, but can 
have strong impacts


’11 forcing: 0.36 Wm-2


CFCs are greenhouse 
gases, but ozone hole 
is a different issue

Greenhouse Gases: 
Others

Note: CFCs are 
greenhouse gases, 

but the ozone hole is 
a different issue



A way of combining relative 
strengths and lifetimes


Need to set a time horizon 
(e.g. 100yrs) and measure 
relative to CO2




Global Warming Potential 
(GWP; integrated forcing) 

Global Temperature 
Potential (GTP; 
subsequent temperature 
change)

Greenhouse Gases: 
Intercomparison

Based on (old) 100 year GWP ratios,

 as specified in Kyoto Protocal SUSPENDED PARTICULATE MATTER IN AIR (NOT THE CAN OR CHEMICALS)

AEROSOLS - NATURAL & ANTHROGENIC

Indirect 
Effects of 
Aerosols

Aerosols reflect/absorb light


Interact with clouds (many ways)


Large spatial variations (unlike 
greenhouse gases)


Black carbon (soot) on snow

Radiative Forcings
Land use changes are 
negative


Total human forcing in 
2011of 2.29 Wm-2 


Uncertainty associated 
with estimating 
preindustrial aerosol levels



Initial Planck (blackbody) response is amplified or 
reduced through feedbacks (positive or negative)


Four main ones, but a plethora of others


If positive feedbacks overwhelm (negative) 
blackbody response, then runaway greenhouse


Like occurs on Venus

Feedbacks Lapse Rate 
Feedback
Changes in surface temperature 
are larger are magnified in the 
upper troposphere


So any surface warming will 
lead to a stronger warming near 
the average emission height


This means the surface 
response needs to be less to 
have same increase in outgoing 
radiation


Negative feedback

Water Vapour Feedback

Saturation vapour pressure depends exponentially on temperature


1oC warming gives ~7% increase in water vapour 


Reduces emitted radiation as H2O strong GHG


Only if relative humidity is constant: not changed over past 30 years 

Ice-Albedo feedback
Ice (and snow) is very reflective, 
but ocean is nearly black


Sudden increase in absorption 
of solar radiation if ice melts


Requires initial snow or ice 
cover, so regionally constrained


Very strong locally, but weak on 
global mean



Clouds Feedback

Many different responses on changes in type, lifetime, altitude 
and density of clouds


Involves delicate balance between many competing impacts


Biggest uncertainty in models, generally a positive feedback 

Total Feedback
The four major feedbacks, as 
simulated by climate models, 
along with initial radiative 
response (Planck)


Combination of all four 
feedbacks roughly trebles 
temperature response


Clouds account for most 
spread (variations in WV and 
LR compensate)


Combined parameter, α, is 
1.1±0.5 Wm-2/℃

Note: minus sign dropped when expressing total parameter, 

by awkward convention to make carbon increase lead to warming

Radiative Balance
If we know the imposed radiative forcing, ΔQ, as well as the 
climate feedback parameter, α, then can calculate the 
temperature response at equilibrium:


	 	 ΔT =  ΔQ/α 


By convention, we use the radiative forcing for a doubling of 
CO2 in the atmosphere:


	 	 ΔQ2x = 3.7 Wm-2


The equilibrium temperature response is called the Climate 
Sensitivity, ΔT2x

Climate Sensitivity
Equilibrium change in global mean 
temperature in response to a 
doubling of carbon dioxide:


3 ± 1.5 ℃ (1979, IPCC 
precursor report)


3.37 ± 1.66 ℃ (2013’s models)


“Likely” 3 ± 1.5 ℃ (2013, IPCC 
5th Assessment Report)


Assumes CO2 only driver, so can 
be problematic on geologic 
timescales [Earth System 
Sensitivity]



Summary
Climate varies naturally over many timescales


We can observe the climate changing though


Averaging increases the signal to noise ratio 

We know what drives these changes 


Greenhouse gases (e.g. CO2), solar & aerosols 

And the main feedbacks upon these drivers


Water vapour, lapse rate, ice-albedo & clouds


