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What	  is	  the	  climate?	  	  	  
	  

A	  voyage	  through	  scales	  



From	  the	  age	  of	  the	  earth	  to	  
0.001	  seconds:	  

	  	  
20	  orders	  of	  magnitude	  in	  Gme	  

In space: the size of the planet to 
millimetres: 

10	  orders	  of	  magnitude	  
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Montreal	  Temperatures	  at	  increasing	  resoluGon	  
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Scale	  bound	  thinking	  

How	  to	  understand	  the	  variability?	  

Answer	  #1:	  



The	  explanaGon	  of	  the	  figure:	  
	  “…	  figure	  is	  intended	  as	  a	  mental	  model	  to	  provide	  a	  general	  "powers	  of	  ten"	  overview	  of	  climate	  variability,	  and	  
to	  convey	  the	  basic	  complexiGes	  of	  climate	  dynamics	  for	  a	  general	  science	  savvy	  audience.”	  	  
The	  site	  assures	  us	  that	   just	  “because	  a	  parGcular	  phenomenon	   is	  called	  an	  oscillaGon,	   it	  does	  not	  necessarily	  
mean	  there	  is	  a	  parGcular	  oscillator	  causing	  the	  pa<ern.	  Some	  prefer	  to	  refer	  to	  such	  processes	  as	  variability.”	  	  

The	  NOAA	  NCDC	  Paleoclimate	  data	  site	  graph	  (inspired	  by	  Mitchell	  1976)	  

2015	  



Atmospheric	  dynamics	  
1	  hour-‐	  109	  yrs:	  Mitchell	  1976	  (grey,	  bo<om)	  
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Answer	  #2	  

•  Scaling,	  scale	  invariance:	  	  

ΔT Δt( ) = ϕ Δt H

How	  to	  understand	  the	  variability?	  

E ω( ) ≈ ω−β
Corresponding	  spectrum:	  

β = 1+ 2H − K 2( )

Intermi<ency	  
correcGons	  (onen	  
small)	  
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The	  “H	  model”	  

ΔT 

Δt 

“motif”= 
1st iteration 

2nd iteration 

(Lovejoy	  2013)	  

Random sign 

(1/2) x Δt 
 

±(1/2)H  x ΔT 

Understanding	  the	  fluctuaGon	  exponent	   ΔT Δt( ) = ϕ Δt H



Fluctuations decrease 
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The climate is  
what you expect… 

"Climate is what you expect, weather is what you get.” 
	


-Lazarus Long, character in R. Heinlein 1973	


 “Climate in a narrow sense is usually defined as the "average weather" ... The 
classical period is 30 years, as defined by the World Meteorological Organization 
(WMO)… Climate in a wider sense is the state, including a statistical description, of 
the climate system.”	  
 
-Intergovernmental Panel on Climate Change, 2007 

not	  



Evidence	  for	  warming	  



Industrial	  
epoch	  
warming	  

The	  “hockey	  sGck”	  	  
Mann,	  Bradley,	  Hughes	  1998	  
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Over	  2	  million	  square	  km	  of	  sea	  ice	  
lost	  over	  35	  years	  

The	  ArcGc	  
(melGng	  of	  sea	  ice)	  



Anthropogenic	  Theory	  



CO2:	  The	  last	  350,000	  yrs	  
2014:	  400	  ppm	  

CO2	  
temperature	  



The	  theory	  of	  anthropogenic	  warming:	  
the	  “Greenhouse	  effect”	  



Anthropogenic	  warming:	  Pre-‐GCM	  era	  

1896	  
Nobel	  prize	  winner	  Svante	  Arrhenius:	  CO2	  doubling:	  5	  –	  6°C	  of	  warming,	  
“climate	  sensiGvity”	  

1938	  
Callender	  esGmated	  the	  warming	  as	  2o	  C	  

1957	  
Keeling	  started	  his	  celebrated	  CO2	  
measurements	  at	  Mauna	  Loa	  and	  at	  the	  
south	  Pole	  

Guy	  Stewart	  Callendar	  
1898	  -‐	  1964	  

Charles	  David	  Keeling	  
1928	  –2005	  

Svante	  Arrhenius	  
(1859	  –1927)	  

GCM	  =	  Global	  CirculaGon	  Model	  



GCM	  era	  (post	  1975)	  

GCM’s:	  for	  CO2	  doubling:	  

IPCC	  4	  (2007)	  “it	  is	  likely	  that	  human	  influence	  has	  been	  the	  dominant	  cause	  of	  the	  
observed	  warming	  since	  the	  mid-‐20th	  century”	  	  

extremely	  IPCC	  5	  (2013)	  

3,120,000	  cores: 	  3x1016	  Flops	  (Nov.	  2014)	  

MilkyWay-‐2:	  World’s	  fastest	  supercomputer	  	  

US	  NaGonal	  Academy	  	  of	  Science	   	  (1979):	   	  1.5-‐	  4.5oC	  
	  

1998	  climate	  models	  somewhat	  over-‐forecast	  the	  
warming	  in	  the	  2000’s	  (the	  “pause”)	  

IPCC3	   	   	  (2002):	   	   	  1.5-‐	  4.5oC	  
IPCC4 	   	  (2007): 	   	  2-‐	  4.5oC	  
IPCC5 	   	  (2013):	   	   	  1.5-‐	  4.5oC	  

Proving	  AW:	  Diminishing	  Returns	  
GCM’s:	  for	  CO2	  doubling:	  



Natural	  variability	  Theory:	  
A	  Giant	  Natural	  FluctuaGon	  

Friends	  of	  Science	  Billboard,	  Nov.	  2014	  



The	  sun	  ?	  (1):	  
Total	  Solar	  InsolaGon	  

(satellite)	  	  

0.1%	  
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Global	  mean	  global	  temperature	  

The	  sun	  ?	  (2):	  
Solar	  reconstrucGon	  (sunspots)	  
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Disproving	  Natural	  
warming	  

Natural	  variability	  hypothesis	  was	  neglected	  by	  the	  scienGfic	  community	  

Dec.	  12,	  2014	  

“Climate	  Closure”	  (1)	  
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CO2 forcing as surrogate for all 
anthropogenic effects 

Roughly:  
double the global economy, double the emissions, land 
use and other changes: 
 
double the effects 
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Global temperatures: NASA - GISS data 
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SensiGvity	  to	  CO2	  doubling:	  

1.9-‐2.8oC	  
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Black	  Swan	  probabiliGes	  
Extreme	  probabiliGes	  fall	  off	  slowly:	  	  

Probability	  ≈	  Δt-‐5	  
	  
With	  black	  swans:	  probability	  of	  a	  5	  s.d.	  event:	  
	  
2.3%/(5/2)	  5	  =	  0.02%	  =	  1/4000	  
	  
The	  probability	  of	  a	  1oC	  warming	  since	  1880	  is	  roughly	  1000	  Gmes	  larger	  than	  
expected!	  
But	  we	  can	  sGll	  reject	  it	  with	  99.97%	  confidence!	  

Bell	  curve	  (‘normal	  distribuGon”)	  probabiliGes	  
Probability	  of	  exceeding	  
1	  s.d:	  16%≈	  1/6	  
2	  s.d:	  2.3%≈	  1/50	  
3	  s.d:	  0.13%≈	  1/1,000	  
4	  s.d:	  0.0032%≈	  1/32,000	  
5	  s.d:	  0.000029%≈	  1/3,000,000	  

Extremes	  and	  Black	  Swans	  (2)	  

Bell	  curve	  probability	  of	  a	  
1oC	  warming	  since	  1880	  	  



“Global	  warming	  stopped	  
naturally	  16	  +	  years	  ago….”	  

	  (Friends	  of	  Science	  Billboard,	  Nov.	  2014)	  

Explaining	  the	  “pause”	  

“Climate	  Closure”	  (2)	  



Yellow	  is	  the	  NASA	  GISS	  global	  
series	  (1900-‐	  2013	  shown)	  

The	  Pause	  

pause	  

CMIP	  simulaGons	  
(red=average)	  

GCM	  models	  too	  high	  
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The	  
Pause	  



The	  convenGonal	  Global	  
CirculaGon	  Model	  (GCM)	  

approach	  to	  climate	  forecasGng	  	  
(Brute	  force)	  



Brute	  force	  numerical	  soluGon	  of	  the	  
equaGons	  	  (2)…	  

The	  grid	  points	  for	  the	  Met	  Office's	  global	  model	  are	  currently	  spaced	  60	  km	  apart,	  those	  for	  the	  European	  model,	  20km	  apart	  and	  those	  for	  
the	  UK	  model,	  12	  km	  apart.	  But	  many	  weather	  phenomena	  and	  physical	  processes,	  such	  as	  radiaGon,	  cloud	  formaGon	  and	  rainfall	  -‐	  and	  the	  
storms	  that	  caused	  the	  flooding	  in	  Boscastle	  -‐	  occur	  at	  a	  finer	  scale	  than	  this.	  In	  the	  next	  decade	  the	  Met	  Office	  hope	  to	  improve	  the	  
resoluGon	  of	  the	  grids	  used	  in	  their	  models,	  and,	  in	  parGcular,	  to	  bring	  down	  the	  grid	  spacing	  used	  in	  the	  UK	  model	  to	  4	  km	  in	  2005,	  and	  to	  
just	  1	  km	  by	  the	  end	  of	  the	  decade.	  Preliminary	  research	  tests	  with	  these	  4km	  and	  1km	  models	  have	  had	  promising	  results	  in	  capturing	  
localised	  flooding	  events	  such	  as	  Boscastle.	  

DiscreGzaGon	  of	  the	  equaGons	  



Brute	  force	  numerical	  soluGon	  of	  the	  
equaGons	  	  (3)…	  

Earth	  system	  modelling	  



Limitations of General Circulation Models  
and stochastic alternatives 

=	  “bu<erfly	  effect”	  	  

Loss	  of	  determinis/c	  predictability	  aner	  10	  days	  

Temperature	  

Gme	  

Forecast	  

Actual	  temperature	  
But	  by	  harnessing	  the	  bu<erfly	  effect	  we	  obtain	  
some	  stochas/c	  predictability….	  



GCMs	  for	  forecasts	  longer	  than	  ≈	  10	  
days	  

Weather	   systems	   generated	   by	   GCMs	   =	   random	  
weather	  noise…	  but	  not	  fully	  realisGc	  

Scaling	  laws	  	  generate	  
realisGc	  noise	  

Model	  
climate	  

Our	  climate	  

Averages: slow convergence to  

Poten>al	  advantages	  of	  stochas>c	  forecas>ng:	  	  
a)  More	  realisGc	  weather	  “noise”	  
b)  Ability	  to	  use	  empirical	  data	  to	  force	  convergence	  to	  the	  real	  climate	  

“Brute force” 



Scaling LInear Macroweather model (SLIMM)	  

1.	  Macroweather	  ≈	  30	  years	  industrial,	  100	  years	  pre-‐industrial	  

ΔT ≈ Δt H -‐1/2<H<0	  

2.	  Simple	  model:	  fracGonal	  Gaussian	  noise:	  

T t( ) = σ t − ′t( )− 1/2−H( ) γ ′t( )d ′t
−∞

t

∫

3.	  Vast	  memory	  due	  to	  power	  laws.	  

4.	  Memory	  can	  be	  used	  for	  forecasGng,	  the	  la<er	  is	  a	  solved	  problem	  mathemaGcally	  

Corresponds	  to	  fracGonal	  
integral	  of	  order	  H+1/2	  of	  white	  
noise	  	  

Gaussian	  
white	  noise	  

dH+1/2

dt H+1/2 T t( ) = γ t( )



Memory needed to obtain 90% of the 
theoretical maximum skill 
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Ocean:	  
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Global	  
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The	  unsuspected	  ElephanGne	  
(“long	  range”)	  memory	  



SLIMM	  and	  the	  Pause	  



Yellow	  is	  the	  NASA	  GISS	  global	  
series	  (1900-‐	  2013	  shown)	  

The	  pause	  with	  SLIMM	  forecasts	  

Red	  is	  average	  
of	  GCM	  
simulaGons	  



-‐	  120	   -‐	  100	   -‐	  80	   -‐	  60	   -‐	  40	   -‐	  20	  

-‐	  0.2	  
-‐	  0.1	  

0.1	  
0.2	  T	  (K)	  The “memory”: 

Forecasting the 
Pause 

 (Global mean annual 
Temperature since 1998, 

natural variability only) 1880 

1998 

T	  (K)	  

2	   4	   6	   8	   10	   12	   14	  

0.1	  

0.2	  

0.3	  

Anomaly	  since	  1998	  

1998 2013 

Red= forecast 
Blue= observations 

“pause”	  

2	   4	   6	   8	   10	   12	   14	  
0.05	  
0.10	  
0.15	  
0.20	  T	  (K)	  

1998 

2013 

Temperature	  since	  1998	  



Anthropogenic	  warming:	  summary	  	  

•  The	  pause	  is	  forecast	  to	  be<er	  than	  ±0.11o	  C,	  
3-‐4	  year	  anomalies	  to	  ±0.03o	  C	  

•  If	  there	  hadn’t	  been	  a	  pause,	  the	  warming	  
would	  have	  been	  to	  strong	  and	  it	  would	  have	  
contradicted	  the	  anthropogenic	  warming	  
hypothesis.	  

•  Climate	  closure	  



CALGARY,	  April	  17,	  2014	  /Canadian	  News	  Wire/	  

Friends of Science 
 

…Friends of Science are also calling up the Chancellor of McGill University to 
retract the McGill press release and issue an apology for the use of Lovejoy's quote 

“This study will be a blow to any remaining climate-change deniers..." 
 

"This is not the language of science or good taste that one expects from a Nobel 
Laureate university," says Gregory. 

 

The skeptics 
reaction (1)"

(Calgary based group)	  



Common reactions.. and misconceptions: "
"
-Use of historical information"
Q: 800 years ago in medieval Europe global temperatures might have been warmer than today if so, 
doesn’t this contradict the analysis?  "
A: Our conclusions are for 125 year periods - there is nothing to prevent the same changes 
occurring much more slowly (i.e. over much longer periods).  "
"
-Use of unrepresentative paleo or instrumental sources, (the “Friends”): "
Q: The temperature change in central England from 1663-1762 was 0.90 oC, so such changes are 
not unusual.  "
A.  England is only 0.04% of the earth’s surface.  The global scale temperature change was only 
0.21±0.12 oC.  "
"

The skeptics reaction (2)"
“A	  mephiGc	  ectoplasmic	  emanaGon	  of	  the	  
forces	  of	  darkness”	  
	  
-‐Viscount	  Lord	  Christopher	  Monckton	  of	  Brenchley	  evaluaGng	  this	  work	   A	  mephiGc	  

ectoplasm	  



The	  Future	  
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Current Anthropogenic increase: d log2CO2
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Forecast for 2023: +0.05±0.10K (natural)+0.23±0.02 K (anthropogenic) = 0.28±0.11 K above 2013 

Return	  to	  long	  term	  trend	  
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Blue is with, λ=3.82oC/ CO2 doubling (extreme high) 

2oC increase from 
pre-industrial 

Red withλ=2.33oC/ CO2 doubling (extreme low) 

3oC increase 

2%/yr	  growth	  
(GDP	  x5	  in	  
2100)	  

3%/yr	  growth	  
(GDP	  x10	  in	  2100)	  

Based on SRES (Special Report on 
Emissions Scenarios, IPCC, AR2-4)	




Regional	  monthly	  
and	  seasonal	  

forecasGng	  using	  
SLIMM	  



Skill for CanSIPS, 3 months horizon Skill for SLIMM, 3 months horizon 

Difference of Skill SLIMM - CanSIPS 

Comparing seasonal (3 month) SLIMM and CanSIPS (GCM) 

SLIMM	  be<er	  
than	  CanSIPS	  
over	  90%	  of	  
globe	  



Probability forecasts using SLIMM 

3 Category Temperature Probability 
Forecast, 1 month horizon 

Actual values of the anomalies given in percentiles 
of the climate distributions for the same time 

Distribution for actual climate (black 
line) and for probability forecast at a 

given grid point in the planet 

If the probability is below 40% in 
any of the three categories, we 
color this region white. The 
probabilities for each pixel were 
computed by calculating the 
respective areas in the histogram 
bellow.  

Bellow, Near and 
Above Normal, scales 

respectively (%) 

Bellow, Near and 
Above Normal, scales 

respectively (%) 

December	  2011-‐	  February	  2012	  



Verification of Probability Forecast. 
Comparison between the two previous maps 

Here,	  “too	  low	  esGmaGon”	  means	  that	  we	  were	  wrong	  
for	  two	  categories	  below	  the	  actual	  value	  observed.	  For	  
example,	  we	  predicted	  a	  decrease	  in	  the	  temperature	  
when	  an	  increase	  was	  actually	  observed.	  “Low	  
esGmaGon”	  means	  that	  we	  were	  wrong	  by	  only	  one	  
category.	  The	  same	  applies	  for	  the	  high	  esGmaGons.	  
	  

Too	  

Too	  



What	  is	  to	  be	  done?	  



Jakob	  &	  Hilaire	  2015	  

Proven	  reserves	  of	  fossil	  fuels	  
are	  over	  3	  Gmes	   the	  amount	  
that	   can	   be	   burned	   while	  
maintaining	   the	   temperature	  
to	  within	   2o	   of	   pre-‐industrial	  
levels	  

How	  much	  
can	  we	  burn	  
without	  
roasGng?	  

The	  basis	  of	  the	  
campaign	  to	  Divest	  
from	  fossil	  fuels	  	  

Fossil-‐free	  week	  



Can	  we	  break	  the	  link	  between	  economic	  growth	  
and	  CO2	  emissions?	  	  

	  

The	  challenge:	  	  
Decarbonize	  the	  
economy	  	  
	  



The	  role	  of	  existent	  and	  new	  technologies	  	  
(IPCC	  scenarios,	  2007;	  StabilisaGon	  at	  550ppm)	  

A2	  

B2	  

A1F1	  

A1B	  

Grey	  =	  inexistant	  technology	  

3%/yr	  
growth	  
	  
(GDP	  x10	  
in	  2100)	  

2%/yr	  
growth	  
	  
(GDP	  x5	  
in	  2100)	  
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In	  2100,	  90%	  of	  our	  energy	  must	  come	  from	  inexistent	  technology	  	  

No	  physical	  limits:	  if	  the	  price	  is	  right	  then	  technology	  can	  be	  conjured	  up	  to	  solve	  any	  problem…	  	  

Economists’	  magical	  thinking	  

IPCC	  2014	  (working	  group	  3	  on	  miGgaGon	  and	  adaptaGon)	  	  
A	  major	  role	  for	  Carbon	  Capture	  and	  Storage	  technology	  that	  doesn’t	  exist…	  NEW!	  



Is	  conGnued	  quanGtaGve	  
economic	  growth	  possible?	  

1972	  

Limits	  to	  
Growth:	  
Overshoot	  
and	  collapse	  

Note:	  	  The	  nonlinear	  
model	  is	  completely	  
based	  on	  physical	  (not	  
financial	  inputs	  and	  
outputs).	  

According	  to	  the	  1972	  “Business	  as	  
Usual”	  projecGon,	  the	  last	  40	  years	  
have	  tracked	  well	  and	  collapse	  will	  
start	  around	  2015	  (G.	  Turner,	  2014)	  



1980	   1985	   1990	   1995	   2000	   2005	   2010	  
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Source:	  StaGsGcs	  
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top 20 %	


 20-80 %	


bottom 20 %	


Aner	  -‐	  tax	  income,	  by	  family	  unit,	  Canada,	  1976	  –	  2010	  
	  (2010	  constant	  dollars,	  economic	  families)	  

Median	  aner	  tax	  income	  economic	  families,	  
2010:	  	  
Quebec:	  $58,100	  
Canada:	  $65,500	  

Is	  conGnued	  quanGtaGve	  growth	  desirable?	  	  



GPI/capita	  
(decreasing)	  

GDP/capita	  
(increasing)	  

GDP	  	  
versus	  
GPI	  

The	  higher	  the	  GDP,	  the	  
poorer	  we	  are!	  

GDP=Gross	  DomesGc	  Product	  
GPI=Genuine	  Progress	  Indicator	  



What	  is	  to	  be	  done?	  

•  Global	  Warming	  is	  a	  global	  problem	  requiring	  
global	  scale	  cooperaGon.	  

•  Saving	  the	  climate	  is	  incompaGble	  with	  the	  
current	  triumph	  of	  the	  “free”	  market.	  



What	  is	  to	  be	  
done?	  

Quebec:	  block	  the	  tar	  sands	  pipelines!	  

McGill:	  divest	  
from	  fossil	  fuels	  

Montreal:	  
countering	  the	  
“Friends	  of	  
Science”	  



Conclusions	  
1.  The	  climate	  is	  not	  what	  you	  expect.	  

4.	  The	  probability	  of	  the	  warming	  being	  natural	  is	  less	  than	  0.1%.	  

6.	  Impacts	  rise	  rapidly	  aner	  2oC	  of	  warming.	  

3.  The	  total	  anthropogenic	  warming	  since	  1880	  is	  about	  1oC,	  for	  CO2	  doubling,	  3.08±0.58oC.	  	  	  

8.	  For	  most	  of	  us,	  conGnued	  economic	  growth	  is	  undesirable	  (lower	  GPI).	  

2.	  LegiGmate	  versus	  illegiGmate	  climate	  skepGcism.	  It	  is	  much	  easier	  to	  disprove	  a	  
theory	  (natural	  warming)	  that	  to	  prove	  one	  (anthropogenic	  warming).	  

5.  The	  pause	  is	  a	  natural	  cooling	  event.	  
	  

7.	  Decarbonizing	  unlikely	  with	  conGnued	  global	  economic	  growth	  (“magical	  thinking”).	  


