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WEDNESDAY PM: Climate Change

Climate Change: Past, Present, Future

● How is climate prediction different from
weather prediction?

● Why it's simpler than you think

● Future climate predictions, uncertainties



  

Weather ↔ Climate
“Weather tells you what to wear, Climate tells you
what clothes to buy”

✗ Weather: the condition at a specific location at a
specific time

✗ Climate: the average conditions and their variability
(includes extremes); the statistics of weather

✗ Climate is an “envelope of possibilities” within which
the weather bounces around

✗ Weather depends very sensitively on the evolution
of the system from one moment to the next (“initial
conditions”)

✗ Climate is determined by the properties of the Earth
system itself (“boundary conditions”)



  

Weather Prediction and “Chaos”

● Weather prediction is a deterministic problem, yet 100%
certainty is impossible

● this is because of the so-called “sensitivity to initial
conditions”: an ever so slight change/error in the initial
conditions (e.g. the currently observed state of the
atmosphere) can lead to completely different future states

● Often referred to as the “butterfly effect” (the flap of a
butterfly's wings in Brazil setting off a tornado in Texas)

● Edward Lorenz (meteorologist, pioneer of chaos theory):

- Chaos: When the present determines the 
future, but the approximate present does 
not approximately determine the future.



  

Henri Poincaré, the Three-Body Problem, and the
Discovery of Chaos

● The “n-body problem”: given the quasi-steady orbital properties
(instantaneous position, velocity, time) of a group of celestial
bodies, predict their interactive forces; and consequently,
predict their true orbital motions for all future times [wikipedia]

● Oscar II, King of Sweden in 1887: prize for anyone who could
solve this problem

● Henri Poincaré (famous French mathematician and physicist)
could not completely solve the problem, but his work 
“is nevertheless of such importance that its publication 
will inaugurate a new era in the history of celestial 
mechanics” [Karl Weierstrass, one of the judges]

● Indeed, Poincaré's work led to the theory of chaos

● “It may happen that small differences in the initial positions
may lead to enormous differences in the final phenomena.
Prediction becomes impossible.”



  

Weather ↔ Climate

✗ Today's sunset: 7:30 pm

✗ Friday's 2-day forecast: 20ºC max / 11ºC min

✗ September Long-Term Climatology (Bologna):
24ºC max / 14ºC min

✗ Weather: minutes to weeks, ~ the time scale
to which a specific event may be forecast

✗ Climate: seasonal, annual, decadal, centurial,
millennial, ...
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Climate & Climate Change

● Climate is the accumulation of daily and seasonal
weather events over a long period of time (climate
is the statistics of weather)

● Climate can change on various time-scales: millions
of years, thousands of years, hundreds of years,
decades

● Climate can change in response to different factors:

- Natural

- Human-induced (“Anthropogenic”)
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Factors in Climate Variability/Change

● External Factors
(Astronomical)

- Solar output

- Orbital changes

- Interplanetary dust

- Collisions with other
interplanetary bodies

● Comets

● Asteroids

● Internal Factors

- Atmospheric
transparency

- Surface characteristics

- Ocean currents, ocean
chemistry

- Volcanic activity

- Continental drift
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ice ice ice ice

Climate through the Ages
today



  9

Reconstructed Temperature
(last 1,300 years), from IPCC 2007

Medieval Warm Period

Little Ice Age

● Temperature relative to present, plotted as agreement between
different reconstructions (e.g. from tree rings)

● Thermometer record available over past 150 years: solid line
● Relatively warm period 950–1250 (Medieval Warm Period)
● Relatively cold period 1250–1850 (Little Ice Age)
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Up-to-date
temperature

record for the
industrial era
(1850 – now)

http://www.cru.uea.ac.uk/cru/data/temperature/

This is relative to the
1961–1990 average.

http://www.cru.uea.ac.uk/cru/data/temperature/
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IPCC 2013



  12IPCC 2013

Climate Change is more than Surface
Temperature Change!
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IPCC 2013

Climate Change is more than Surface
Temperature Change!



  

Feng & Fu (2013)

Expansion of
global drylands



  

Climate Change & Energy Demand

In principle solvable



  

in the past and is still in the present. This does not reflect
the dynamics of the solar markets around the world. 

It is recommended to examine in another scientific study 
what the reasons for these false projections of the WEO in 
the solar sector are: systematic scientific assumption errors
or additional institutional limitations. Since solar PV plays 

a central role in the fight against climate change, a wide 
civil societal discussion of the causes of the structural 
failure in the WEO projections is needed in order to avoid 
these failures in future.  

 

 

 

  

 
Fig. 5: Solar capacity (top and center), electricity generation (bottom, left) and solar full load hours (bottom, right) for the years 
1999 to 2040. The historical data are given for the years 1999 to 2014 for electrical capacity, from 2000 to 2012 for electricity 
generation and from 2002 to 2012 for the full load hours. The projections range from 2010 to 2040. Data are based on WEO
2002 to WEO 2014 [13-23], Werner et al. [26] and REN21 [78]. 

 
3.6 Wind 
 
As with solar energy, wind energy was published for the 
first time in WEO 2002, which means that the historical
curve starts from 1999 (Fig. 6). Wind energy presents the 
same particularities as solar energy, and a similar
presentation can be found. The electrical capacity figure 
(Fig. 6) is focused on the historical curve (top), but also on 
future projections (center), while the electricity production 
figure gives an overall view of the situation. It can be seen 
that WEO 2002 projections are wrong from the very 
beginning, since the 2030 projections had been historically 
achieved in the year 2010, 20 years earlier and only eight

years after publishing. The key reason for the misleading 
projections is the assumed linear growth, i.e. no annual
market growth, instead of real exponential growth, i.e. 
annual market growth This is quite similar to the key 
projection error for solar PV. Real wind capacity in 2010 
is respectively higher, i.e. 260% and 104%, than WEO
2002 and 2004 projections for the same year. Historic data 
for the years 2013 and 2014 coming from the REN21 
report [78] for wind energy do not show a deviation of the 
historic data to the latest projections. It can be noticed that 
there is an inflexion point around 2009, where the annual
growth before was 24 GW (or less) and 39 GW (and more) 
after, mainly accelerated by installations in China. On the 

Predictions vs Reality

diagram showing the generated electricity, the three trends 
observed previously for solar energy can be seen. But this
time WEO 2002 forms a group itself. The second group 
spans the reports from 2004 to 2009 and the third the ones
from 2010 to 2014. Despite a decrease in the full load 
hours in 2009, the trend is clearly upward as well as for 
historical data and for projections. Historic numbers show
that the full load hours of wind energy are about two times 
higher than for solar PV, and projections assume roughly 
80% higher full load hours, which is mainly driven by the 
fact that wind plants can harvest energy 24 hours per day 
and PV systems only during the daylight. 

The leading international institutions on RE projections
expect for the year 2030 wind energy capacities of 2908 
GW (Greenpeace) [29], 1318 GW (Bloomberg) [30] and 
960 GW (RE experts of the IEA) [40], which is in line with 
the WEO expectations. Bloomberg projects about 30% 
higher numbers, but the Greenpeace numbers appear 
unrealistically high, in particular in relation to their own 
projections for solar PV of 1764 GW, since the growth 
rates of solar PV are typically higher than those of wind 
energy. The relative growth ratio of solar PV and wind 
energy appears in line with the historic records for the 
projections of Bloomberg and RE experts of the IEA. 

As far as the future WEO wind energy projections are 
concerned, we may assume that they will be significantly 
below the real growth rates. In the past, incorrect WEO 
projections already caused big problems for energy 

companies. Most companies want to achieve usual return 
rates of 10-20%. Yet, investments in renewable energy 
often allow only 5-10% return rates, which due to a 
significantly lower risk profile are accepted by many 
investors as sufficient. However, many energy companies 
showed a very limited propensity to invest in renewable 
energy and continued investing in conventional power 
plants. Since the WEO projections were wrong, the 
companies were not warned in time.  

As a result, there were stranded investments in new nuclear
power plants (on the side of state-influenced or state-
owned enterprises, such as Flamanville in France or
Olkiluoto in Finland) and many more in the fossil sector
(both public and private companies), with significant
economic dislocation and unnecessarily high CO2 
emissions. 

Summing up, the WEO projections of the early 2000s had 
been as comparably wrong for wind energy as those for 
solar PV. The same linear growth assumption, instead of
the real exponential growth such as that witnessed for solar 
PV, leads to rather low projections for the decades to 
come. The projections of leading international institutions 
do not show a consolidated picture and are partly rather 
close to the recent WEO projections. 

   

 

 

 

SOLAR

WIND

• Year after year,
the International
Energy Agency
predicts very slow
penetration of
renewable energy

•  Year after year,
they’re WAY
wrong!

• Why?



  

Price of Solar 
PV Cells ($/watt) 

• Price has fallen by factor of 200
since the 1970's

• Factor of 5 since 2011
• Now as cheap or cheaper than coal

or gas

Drop in 1970s

Flatter in1990s
~ $0.50



  

PV Resource: Germany vs. U.S. 
Solar Resources

US vs
Germany

German electricity 
● 4% wind & solar in 2000
● 28% wind & solar in 2014



Can we provide a decent standard of living
without releasing huge amounts of CO

2
?

→ this is possible as an engineering task

When we stop burning coal we will not shiver in
the dark!
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Anthropogenic Climate
Variability and Change

Various resources at the Intergovernmental Panel on
Climate Change (IPCC) Website:

http://www.ipcc.ch/report/ar5/index.shtml

http://www.ipcc.ch/report/ar5/index.shtml
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Concentrations of most GHGs have
been increasing in the modern age

IPCC, 2007
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Feedbacks
● A process that changes the sensitivity of the

climate response to an external forcing
● Positive feedback: increase the magnitude of

the response to the forcing

- Ice/albedo feedback

- Water vapor feedback

- Ocean carbon cycle feedbacks
● Negative feedback: decrease the magnitude of

the response to the forcing

- Stefan-Boltzmann feedback (i.e. warmer Earth
emits more radiation out to space)
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Ice-Albedo
Feedback
(Positive)
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Cloud
Feedback

● Effect of clouds on climate: thick vs
thin, high vs low

● High, very thin clouds warm the
climate (let most sunlight through,
emit at low temperature)

● Low, thick clouds cool the climate
(emit a lot of terrestrial radiation,
reflect a lot of solar radiation)

● Recall: in the net clouds contribute to
Earth's albedo, i.e. clouds have a net
cooling influence on average climate

● Cloud feedback in a warming climate
depends on relative changes of high
vs low clouds

● Currently, clouds are thought to be a
slight positive feedback, but big
uncertainties

~(200)4

~(290)4

Temperature 
profile

Tropopause

Surface
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Solar Variability

Percent area of Sun's photosphere covered by sunspots

Fraction area of entire photosphere covered by sunspots

● The Sun's output is not exactly constant at 1366 W/m2 – it
does show some modest variation in time

● 11-year cycle in output, corresponding to variations in
sunspots (large number of spots = high output)

Yellow > 1%
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Volcanoes
● Volcanoes emit sulfur dioxide

that become aerosols (airborne
solids) in the stratosphere → 
reflect sunlight, increase
earth's albedo reducing the
solar radiation absorbed by the
climate system

● For example, lower-left:
globally-averaged reduction in
absorbed solar radiation after
Mt. Pinatubo eruption in
summer 1991

● Some are advocating man-
made stratospheric injections
of aerosols to mitigate
anthropogenic climate warming
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Volcanoes

● Reduction in solar
radiation due to Mt.
Pinatubo led to a cooling
of the globally-averaged
temperature ~ 0.5-0.7 C

Distribution of Mt. Pinatubo
stratospheric forcing

Global temperature change after Pinatubo

1991 1992 1993 1994 1995 1996
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Force “full-blown” climate model with past
radiative perturbations → what is the response?

● Greenhouse Gases

● Volcanoes

● Solar variations

● Land use changes

● Aerosols

● Ozone changes
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Past Radiative Forcing

Volcanoes
(Natural)

Solar
(Natural)

Greenhouse
Gases

(manmade)

Aerosols
(both)

IPCC, 2007



  31

Climate model
prediction using human
AND natural factors

Climate model
prediction using natural
factors ONLY

IPCC, 2007

Observed temperatures
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IPCC, 2013
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IPCC, 2013
Future trends from Climate Models

Depending on the scenario, anywhere from 1–5 C for globally averaged
warming in the year 2100. This warming is not uniformly distributed.
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Climate Model
Trends by
Scenario:
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Climate Model Trends by Scenario
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Climate Model Trends by Scenario
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