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Weather Forecasting 
is Hard! 

•  Air masses and fronts 

•  Convergence and 
divergence 

•  Vorticity maxima and 
shortwaves 

•  Quasigeostrophic lift 

•  Convective available 
potential energy  

You learned about this in a University 



Weather vs Climate 
what’s the difference? 

• If you don’t like the weather: 
–  Wait five minutes! 

• If you don’t like the climate: 
–   Move! 

You learned about this in grade school 



Ever Wonder 
Why? 

•  Day is warmer than night 

•  Summer is warmer than winter 

•  Miami is warmer than Minneapolis 



Heat Budgets 



Climate Forcing & 
Forecasting 

•  If there’s a 
deterministic 
relationship between 
forcing and 
response 

•  … and the forcing is 
strong & predictable 

•  … then the response 
can be predictable 
as well!  

•  Examples: 
–  Day vs night 

–  Summer vs winter 
–  Miami vs Minneapolis 

–  El Niño / La Niña 

–  “Little Ice Age” 

–  Glacial-interglacial 

–  21st Century warming 



Dancing Molecules and Heat Rays! 

•  Nearly all of the air is 
made of oxygen (O2) 
and nitrogen (N2) in 
which two atoms of 
the same element 
share electrons 
 

•  Infrared (heat) energy 
radiated up from the 
surface can be 
absorbed by these 
molecules, but not 
very well 

N N 

O O 

Diatomic molecules can 
vibrate back and forth like 
balls on a spring, but the 
ends are identical 



Dancing Molecules and Heat Rays! 

•  Carbon dioxide (CO2) 
and water vapor (H2O) 
are different! 
 

•  They have many more 
ways to vibrate and 
rotate, so they are 
very good at 
absorbing and 
emitting infrared 
(heat) radiation 

Molecules that have many 
ways to wiggle are called 
“Greenhouse” molecules 

O O C 
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Absorption spectrum of CO2 was measured by John Tyndall in 1863 





9 PM surface temperature = 15 °C = 60 ° 

Fall Night 
in Colorado 

6 AM surface temperature = -60 °C = -78 °F  

radiation 
emitted 
by soil 

390 W m-2  
4 inches 
= 10 cm 



6 AM surface temperature = 5 °C = 40 °F  

Fall Night 
in Colorado 

radiation 
emitted 
by soil 

390 W m-2  
4 inches 
= 10 cm 

radiation 
emitted 
by air 

340 W m-2  



The strongest 
evidence for the 

Greenhouse Effect 

is that we can  
survive night! 



Common Sense 
•  Doubling CO2 

would add 4 watts 
to every square 
meter of the 
surface of the 
Earth, 24/7 

•  Doing that would 
make the surface 
warmer 

•  This was known 
before light bulbs 
were invented! 

4 Watts 

1 m 

1 m 

John Tyndall, January 1863 



Common Myth #1 
“Scientists confident about climate change 

because it’s been warming up recently” 

  
WRONG!  

We’re confident 
because we 
know that 
when we add 
heat to things, 
they warm up 

 
  



Cause and Effect 
Forcing 

Watts per  
square meter 

Response 
degrees  

Celsius or F 

Sensitivity =  
Response 

Forcing 

degrees per Watt m-2 



Learning from the Past 
1.  Geologic past  

(100’s of millions of years) 

2.  Deglaciation analog  
(18,000 years ago to 
preindustrial time) 

3.  Last Millennium analog  
(Medieval Warm Period to 
Little Ice Age) 

4.  Modern Climate Record 
(20th Century changes) 

The further back we go, the less data we have to work with. 

Using modern data, we have only brief  transients to study. 



Ice Age World 

High albedo 
Low CO2 



CO2 and the Ice Ages 

370 ppm in 2000 

Vostok (400k yr) Ice Core data (Petit et al, 1999)

175

200

225

250

275

300

-400000 -300000 -200000 -100000 0

Year

ice 
ice ice 

ice 

CO2 

•  Over the past 420,000 
years atmospheric CO2 
has varied between 180 
and 280 ppm, beating in 
time with the last four 
glacial cycles 

 



Climate Forcing 

Source: Hansen and Sato (2011) 

FORCING ~ 6.5 W/m2 
 
WARMING ~ 5 oC 



Compare Ancient & 
Modern Forcing 

•  End of Ice Age:                  6.5 W m2 

Over 100 centuries (18k to 8k BP) 

•  “Little Ice Age”:                 < 1 W m2 

(Roughly 1400 to 1800) 

•  Since 1850:                         ~ 2 W m2 

•  Burn 10x FF to date:          12 W m2 

(over 3 centuries if no policy) 



How Do We Know  
CO2 is from Fossil Fuel? 
1.  We Can Count 

–  Fossil Fuel Combustion is 2x CO2 rise! 

–  200x volcanic source! 
–  Oceans taking up, not releasing CO2! 

2.  Chemical origin (13C) 
–  Plant-based (not volcanos!) 

3.  Age (14C) 
–  Added CO2 is many millions of years old! 



How Do We Know 
Observed Warming is from CO2? 

 
Watts are Watts 
Be Quantitative! 

•  Sure there are many sources of heat 

•  but how much have they changed  
in the past 50 years? 

•  and which ones will change A LOT MORE 
in the coming generation? 



Compare  
Climate Influences 

•  Earth’s Orbit 
•  Solar radiation 
•  Volcanos 
•  Deforestation 
•  Ozone 
•  Air pollution & 

aerosol loading 
•  CO2 

http://www.bloomberg.com/
graphics/2015-whats-warming-the-
world/ 

vs 
Thermometers 
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•  Land vs ocean! 

•  North vs South 

•  Global mean  
warming of  2º to 5º C 

•  North American  
warming of  3º to 6º C 

 = 5º to 11º F 

•  Arctic warming of   
8º to 14º F 

Low 
Emissions 

High 
Emissions 

Moderate 
Emissions 

 Rainfall?      Agriculture?  
Water demand?            Tourism? 

 Mass immigration? 

How much warmer? 



Where is it 10o F Warmer 

Denver è  
Amarillo 

Illinois è�
Mississippi 

Washingtonè�
Tallahassee 

 

Water?  Crops?     
Real Estate?     Health? 

“on average?” 



Bell 
Curves 

•  “Standard deviation” σ measures “width” 
–  68% of values fall within 1σ of mean  

–  95% within 2σ of mean, 99.6% within 3σ  

•  “Normal 
distribution” or 
“Gaussian” 

•  Average = Mean = 
Median = Mode 



Means & Extremes 
•  People care more 

about extremes 
(tails) than 
averages 

•  Small changes in 
averages produce 
large changes in 
extremes 

•  Changes in the 
“spread” also 
produce changes 
in extremes 

7

B.

or sub-national levels can substantially affect
livelihood options and resources and the capacity
of societies and communities to prepare for and
respond to future disasters. [2.2, 2.7] 

A changing climate leads to changes in the
frequency, intensity, spatial extent, duration,
and timing of extreme weather and climate
events, and can result in unprecedented
extreme weather and climate events. Changes
in extremes can be linked to changes in the mean,
variance, or shape of probability distributions, or all
of these (Figure SPM.3). Some climate extremes (e.g.,
droughts) may be the result of an accumulation of
weather or climate events that are not extreme
when considered independently. Many extreme
weather and climate events continue to be the
result of natural climate variability. Natural variability
will be an important factor in shaping future
extremes in addition to the effect of anthropogenic
changes in climate. [3.1]

Observations of
Exposure, Vulnerability,
Climate Extremes,
Impacts, and Disaster
Losses
The impacts of climate extremes and the potential
for disasters result from the climate extremes
themselves and from the exposure and vulnerability
of human and natural systems. Observed changes
in climate extremes reflect the influence of
anthropogenic climate change in addition to natural
climate variability, with changes in exposure and
vulnerability influenced by both climatic and non-
climatic factors.

Exposure and Vulnerability

Exposure and vulnerability are dynamic, varying across temporal and spatial scales, and depend on
economic, social, geographic, demographic, cultural, institutional, governance, and environmental factors
(high confidence). [2.2, 2.3, 2.5] Individuals and communities are differentially exposed and vulnerable based on
inequalities expressed through levels of wealth and education, disability, and health status, as well as gender, age,
class, and other social and cultural characteristics. [2.5]

Settlement patterns, urbanization, and changes in socioeconomic conditions have all influenced observed
trends in exposure and vulnerability to climate extremes (high confidence). [4.2, 4.3.5] For example, coastal

Summary for Policymakers
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Changed Symmetry

Mean: 
without and with weather change

Figure SPM.3 | The effect of changes in temperature distribution on
extremes. Different changes in temperature distributions between present and
future climate and their effects on extreme values of the distributions:
(a) effects of a simple shift of the entire distribution toward a warmer climate;
(b) effects of an increase in temperature variability with no shift in the mean;
(c) effects of an altered shape of the distribution, in this example a change in
asymmetry toward the hotter part of the distribution. [Figure 1-2, 1.2.2]



Historic Land Temps 



Summer 
Temperatures 

•  Shift of  mean 
by about +1 σ

•  Increase in 
variability (σ) 
as well 

•  15-fold 
increase in freq 
of  temps that 
were at 99%-ile 
in 1970 

1970’s 
2000’s 



Heat Wave Statistics 

Obs Past 

GCM 
Past 

GCM Future 

ΔT = 5 °C = 9 °F  
2003 

50,000 
deaths 

5σ

once 
in  

10,000 
years 

2 years 
out of  3 



Billions and Billions 
Shanghai 1991 and 2012 

•  Currently 7 billion people on Earth  
but only 1 billion use lots of energy 

•  Rapid development to 4 billion  
energy users over coming decades 

•  Population growth only 30% but  
energy growth 300% by 2100 



•  If China and India 
industrialize with 
coal, CO2 will rise 
to 4x preindustrial 

•  Extra CO2 will last 
for millennia after 
coal is gone 

Thermostat only turns one way! 
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Common Myth #2 
“When we reduce or stop burning fossil fuel, CO2 

will go away and things will go back to 
normal” 

emissions 
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Efficient Architects! 



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 I graduated from high school 

•  Factor of 5 since 2011 

•  Now as cheap or cheaper than coal 
or gas 

D
rop in 1970s 

Flatter in1990s 



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

US vs 
Germany 

German electricity  
•  4% wind & solar in 2000 
•  32% wind & solar in 2015 



Lithium-Ion Batteries 

Much cheaper than expected  
a few years ago! 

Nissan Leaf  
today 

“Optimistic” 
predictions for 
2020 



Taking off my 
Science Hat 

•  Beyond science 

•  Beyond engineering 

•  Speaking as a person 



Costs 
•  Conversion to 100% 

noncarbon energy 
will cost about  
1% of GDP 

•  That’s about what it 
cost to retrofit all the 
world’s cities with 
indoor plumbing a 
century ago … 

•  It was worth it! 



My Grandparents’     
Generation 

Built subways, sewers,  
the electrical grid, defeated the Nazis 



My Parents’     
Generation 

Built the Interstate Highways,  
fought the cold war, landed on the Moon!  

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. 
Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.



My Generation 

Invented the PC, Built the internet, replaced billions 
of land-lines with cell phones 



My Kids’     
Generation 

Will replace the world’s 
energy system again! 



Choose Your Future 
Many people think:   
“Our well-being is based on 
stuff we extract from the ground” 

When we stop burning coal, will our 
descendants shiver in the dark? 



Choose Your Future 
I prefer:   
“We create our well-being through 
creativity, ingenuity, and hard work” 

The future is bright! 



For More Info … 
•  Email me for a link to 

this PowerPoint: 

Scott.Denning@gmail.com 

•  Email me anytime with 
questions or comments 
(remind me where we 
met!) 

•  Follow me on twitter: 

@airScottDenning 


