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Outline	
•  General Circulation Models (GCMs) 

o  What are they, and how do they work? 
o  What approximations are made? 
o  What is first principles and what is parameterized  

•  Improved data, constraining models 
o  Satellite data 

•  Uncertainties 
•  Results 

o  Temperatures 
o  Sea levels 
o  Precipitations 

•  Weather variability 
•  If we can’t trust weather predictions for a week or two, 

how could we believe climate predictions for decades? 



General  Circulation  Models	
•  GCM’s attempt to simulate the dynamics of the 

atmosphere, oceans and ice, and flow of heat, 
moisture, chemicals and more. 

•  Solve radiative heat transfer equations with reasonable 
approximations (that work and speed up the process) 

•  Parameterize stuff like convection and clouds that are 
too small to resolve explicitly 

•  Recent models attempt to simulate biogeochemical 
processes as well 

•  First GCMs (1960’s) developed mainly for weather 
forecasting, and have been adapted to become 
climate forecasting tools 



Computer  modeling	
•  Computers are 

very good tools 
for solving 
equations over 
space and time, 
using a 4-d grid 
(array of points in 
x,y,z and t) and 
numerical 
techniques 

•  Partial differential equations govern the evolution of a 
system at each location from an initial condition each 
time step from the values at nearby locations 



Equations  Included	
•  Conservation of momentum and energy 
•  Conservation of mass 
•  Conservation of water and other chemical species 
•  Laws of thermodynamics 
•  Equations of state (pressure, temperature, volume) 
•  Radiative transfer equations (radiation cooling) 

Assumptions	  made	  
•  Anthropogenic forcings from GHG and aerosols 
•  IPCC defined several emissions scenarios 
•  Natural forcings: typical volcanism, no ENSO (el Niño) 



Numerical  Solutions	
•  Finite difference method 

o  From the values of a quantity (for example, the density of 
water vapor) at a set of points Xi = (xi,yi,zi) at time t the idea is 
to calculate the values at those points after a time step Δt 

o  A simple case (one dimensional, not at all realistic) might be 
an equation such as: 

which would be to say the rate of change of the quantity V at one 
location with time is proportional to its rate of change in space: 
 
 
 
For the one equation, you can calculate the next value by 
adding, subtracting or multiplying a handful of values (in this case 
6) per point, which takes only a little bit of computer time 

∂V
∂t

= c ∂V
∂x

Vi (t +Δt) =Vi (t)+ c*
(Vi+1(t)−Vi−1(t))
(xi+1 − xi−1)



Number  of  points  to  calculate	
•  Equations solved like this give an accurate answer if they are 

correct equations (of course!) and if the spacing between 
points in space and time is small enough 

•  More points may be better, but the computer time is the issue 
with so many points.  How many points do we need? 

1.  For an atmospheric calculation say we use 1 point per 100 
kilometers in x and y, and 20 layers in z 

2.  Earth area: 510 Million square kilometers  
3.  Total points: 20 * 510,000,000/(100*100) or ~1 Million points 
4.  Each step in time (say 15 minutes) a model calculates 10 to 

15 variables, requiring number of points times the computer 
time per point, and you’d like to calculate forward for 
decades (many, many time points) 

•  You get the idea, quickly you need a supercomputer 



Example:  HadCM3  (2000)	
Hadley  Center  (UK)  Atmosphere-‐‑Ocean  Coupled  Model	
Used  for  the  IPCC  Third  Assessment  report  in  2001	



Historical  Weather  Forecasts	

Actual  and  24  hr  
forecasted  height  of  the  
500  mbar  pressure  
level,  in  an  early  forcast  
using  the  ENIAC  
computer  (1949)	

•  GCM’s evolved from weather forecast models which 
were starting to be routinely used in the 1950’s 

•  Along with these came the need for regular weather 
data collection at surface and upper atmosphere 

•  By mid-1960’s there were useful ocean models 
•  Started incorporating ice, snow, land, biosphere 

processes in 1970’s 



Weather  Forecast  Improvement	
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Sea  surface  temperature	
•  Critical for understanding regional weather 
•  By coupling the atmosphere and ocean models one 

has a hope of predicting the system evolution 

NOAA  image  (hXp://www.ospo.noaa.gov)	



Climate  vs  Weather  modeling	
•  Both have chaotic variability on different time scales 

o  Short term weather fluctuations are noise for climate 
o  Coarser spacial and time resolution in climate models 
o  Attention to slower processes like radiation and aerosols 

•  Climate models include: 
o  Atmospheric GCM’s simulate the dynamics (governing equations) 
o  Parameterized processes for things which happen on smaller than 

grid point scale (clouds, turbulence) 
•  Probabilistic calculations of cloud mixture, based on best 

understanding of data 
o  Coupled to Ocean GCM, simulating dynamics of ocean processes 

•  Many ocean features like Gulf stream and eddies smaller than 
grid spacing 

o  Sea ice model (since albedo strongly affected) 
o  Land model (exchanges of energy and moisture, biology) 
 



Typical  flow  diagram	
Perhaps the most complex software ever written 
(many authors!) 



Climate  Model  Features	
•  Inputs: forcings, such as greenhouse gasses, aerosols, 

solar irradiance, land use changes 
•  Assumed emission scenarios 
•  Variables: temperature, pressure, wind, water vapor, 

ocean currents, salinity, ice, clouds,,, 
•  Include dynamic vegetation (responds to sun light, etc) 
•  Spacial resolution : recently about100 km, with up to 50 

atmospheric layers, 30 ocean layers, 10 soil layers 
•  Time steps: a few minutes 
•  Running a model to crunch through a period such as 

1800-2100 takes weeks-months on a supercomputer 



Climate  Model  Uncertainties	
•  Parameterization of clouds is a major difference 

between climate models, and probably contributes 
the greatest uncertainty to their predictions 

Comparison of 
cloudiness trends in 
two models, with the 
same emission 
scenarios 
Top says less cloudy, 
bottom more cloudy 



Evaluation  of  Climate  Models	
•  How do we know if they are accurate?  Not many tests 

really can show they are: 
o  Annual and diurnal cycles 
o  20th century climate 
o  Weather prediction (if optimized for weather) 
o  Responses to orbital variations (for glaciation variations) 

•  Models have many free parameters – if tuned to match 
existing data, no guarantee that predictability is 
improved 

•  Must test model components individually and thoroughly 
off-line, that their outputs match reality 
o  No guarantee that overall model is robust 

•  Spread between model results is not a valid 
indication of uncertainty from the models 
o  They could all be wrong in the same direction 



Global  and  Regional  Temperature	

•  Black line in both figures is the 
observed global average 
temperature relative to 1900 

•  Top figure yellow curves are the 
prediction from a number of 
climate models which include 
natural and anthropogenic forcings 
and the red curve is the average 
value of those models 

•  Bottom figure blue curves are those 
models, where the anthropogenic 
forcings are turned off, dark blue is 
average of the models 

•  Need to include both 
anthropogenic and natural forcings 
to match the observed record 

•  With a computer program, can enable or disable effects  



IPCC  Emission  scenarios	
•  Representative Concentration Pathways (RCPs) 
•  Trajectory of expected GHG concentrations 
•  Numbered for expected GHG forcing values in 2100 

Scenario	 Development	
RCP2.6	 Global  annual  GHG  emissions  (in  CO2  equiv)  peak  between  

2010  and  2020,  emissions  declining  substantially  thereafter	
RCP4.5	 Emissions  peak  at  2040,  decline  thereafter	
RCP6.0	 Emissions  peak  at  2080,  then  decline	
RCP8.5	 Emissions  increase  through  21st  century	

•  Note connection to economic modeling for understanding 
the societal end of these emission scenarios  



RCP  Concentration  Trajectories	



Temperature  Rise  for  RCPs	
•  Uncertainty due to which RCP we take is larger than 

the spread in results between different models 



Measuring  Mean  Sea  Level  (MSL)	

•  Sea Level is affected by: 
o  Waves 
o  Tides of both Moon and Sun 
o  Ocean Currents, Temperature and Salinity 
o  Atmospheric Pressure 
o  Storm Surge 
o  Evaporation and Precipitation 

•  Consequently very difficult to measure the 
mean accurately 

Thanks  to:    Michael  Rudd	



Satellite  Measurements	
•  Able to measure MSL from satellites since 1992 
•  International satellites NASA/CNES:  

o  TOPEX/Poseidon (1992) 
o  Jason 1 (2001), Jason 2 (2008), Jason 3 (2015) 

•  All use a high-precision radar altimeter to 
compare sea level with orbit 

•  Use high precision GPS and timing clock (DORIS) 
to determine orbit 

•  Accuracy is 25 mm for single measurement and 3 
mm for whole earth average 



Jason  2  Satellite	



TOPEX/Poseidon  Satellite	



Data  Usage	
•  Extra Data 

o  Wave height 
o  Ocean surface wind speed 
o  Ocean current speed 

•  Data is used for 
o  Climate research, longer-term weather forecasting 
o  Prediction of El Nino and La Nina 
o  Global tidal information 
o  Studying details of ocean currents and eddies 



Global  Mean  Sea  Level  projections	
•  Even with initial point known to high accuracy, models 

have substantial uncertainty on the rate of sea level rise  

But different RCP 
results diverge 
through 21st 
century 



Sea  ice  extent  (North  Pole)	

RealClimate.org,  2010	

Observed sea ice extent is falling faster than model predictions 



Sea  level  rise  in  Boston  
measured  and  projected	

•  Hansen and Sato argue 
the ice melt is occurring 
at an accelerating pace 

•  If true sea levels would 
rise faster than linearly 

•  Major uncertainties due to understanding ice loss rate 



Double  whammy:  
Sea  level  rise  +  storm  surge	

Courtesy  Boston  Harbor  Association,  2010	

•  Combined effect of 100 year storm surge on sea level 
rises of 2.5, 5 and 7.5 feet 



Precipitation	
•  Distributions of rainfall – Model predictions vary,  

Some general trends (from IPCC AR5): 
•  “global monsoon … is likely to strengthen in the 21st 

century with increases in its area and intensity, while 
the monsoon circulation weakens“ 

•  “global frequency of tropical cyclones likely to 
decrease or remain unchanged, with likely increase 
in maximum wind speed and precipitation rates “ 
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Figure 14.2 |  Time series of simulated anomalies, smoothed with a 20-year running mean over the global land monsoon domain for (a) precipitation (mm day–1), (b) evaporation 
(mm day–1), (c) water vapour flux convergence in the lower (below 500 hPa) troposphere (mm day–1), and (d) wind convergence in the lower troposphere (10–3 kg m–2 s–1), relative 
to the present-day (1986–2005), based on CMIP5 multi-model monthly outputs. Historical (grey; 29 models), RCP2.6 (dark blue; 20 models), RCP4.5 (light blue; 24 models), RCP6.0 
(orange; 16 models), and RCP8.5 (red; 24 models) simulations are shown in the 10th and 90th percentile (shading), and in all model averages (thick lines).

a weakened monsoon circulation. Besides greenhouse gases (GHGs), 
monsoons are affected by changes in aerosol loadings (Ramanathan 
et al., 2005). The aerosol direct forcing may heat the atmosphere but 
cools the surface, altering atmospheric stability and inducing horizon-
tal pressure gradients that modulate the large-scale circulation and 
hence monsoon rainfall (Lau et al., 2008). However, the representation 
of aerosol forcing differs among models, and remains an important 
source of uncertainty (Chapter 7 and Section 12.2.2), particularly in 
some regional monsoon systems.

14.2.2 Asian-Australian Monsoon

The seasonal variation in the thermal contrast between the large Eur-
asian landmass and the Pacific-Indian Oceans drives the powerful 
Asian-Australian monsoon (AAM) system (Figure 14.3), which consists 
of five major subsystems: Indian (also known as South Asian), East 
Asian, Maritime Continent, Australian, and Western North Pacific mon-
soons. More than 85% of CMIP5 models show an increase in mean 

precipitation of the East Asian summer (EAS) monsoon, while more 
than 95% of models project an increase in heavy precipitation events 
(Figure 14.4). All models and all scenarios project an increase in both 
the mean and extreme precipitation in the Indian summer monsoon 
(referred to as SAS in Figures 14.3 and 14.4) . In these two regions, 
the interannual standard deviation of seasonal mean precipitation 
also increases. Over the Australian-Maritime Continent (AUSMC) 
monsoon region, agreement among models is low. Figure 14.5 shows 
the time-series of circulation indices representing EAS, Indian (IND), 
Western North Pacific (WNP) and Australian (AUS) summer monsoon 
systems. The Indian monsoon circulation index is likely to decrease in 
the 21st century, while a slight increase in the East Asian monsoon 
circulation is projected. Scatter among models is large for the western 
North Pacific and Australian monsoon circulation change.

Factors that limit the confidence in quantitative assessment of mon-
soon changes include sensitivity to model resolution (Cherchi and 
Navarra, 2007; Klingaman et al., 2011), model biases (Levine and 

Model results suggest global 
precipitation will increase, 
mostly from intensity of 
rainfall events 



Regionally  non-‐‑uniform	
•  Note difference between New England (+6 to 10”) 

and California (-4 to -6”) and Europe (-10 to -20”) 
•  Dramatic effect on regional agriculture 



Weather  Variability  and  Climate	
•  Question: Where do predictions of increased 

variability in weather come from?  It’s clear why 
average temperature should increase, but why might 
it be more variable? 

•  Variability is by its nature complicated: 
o  Broadening of the temperature profile 
o  Extreme weather 
o  Phenomena like the “polar vortex” 

•  Paradoxically, some extreme weather conditions are 
due to particularly stable weather patterns 



Climate Change 2001:
Working Group I: The Scientific Basis  

Other reports in this collection

Figure 2.32: Schematic showing the effect on extreme temperatures when (a) the mean temperature
increases, (b) the variance increases, and (c) when both the mean and variance increase for a normal

•  Temperature is a climate variable 
which can be described by a 
normal (Gaussian) distribution 

•  As climate changes, three basic 
scenarios to consider: 
A.  Change of the mean value 

•  Many more high excursions, many 
fewer lows 

B.  Change of the variance 
•  More high and low excursions 

C.  Change of both mean and 
variance 
•  Many more high excursions, 

perhaps fewer low excursions 

Temperature  variability	



•  For many, the greatest concern around climate change 
is the potential for vast increase in weather extremes 
o  Hurricanes and tropical cyclones of increasing magnitude (but 

not necessarily more often) 
o  Flooding from heavy precipitation (to be expected) 
o  Tornados and high winds (some disagreement 
o  Heat waves, droughts, wildfires 

•  Models, and scientists, do not fully agree on all these – 
these are the chaotic aspects of climate and weather 
which are the most difficult to accurately predict 

•   Check out the video Test Tube Earth (by Bob Lawson): 
(Decide for yourself how scientific it is, and how 
compelling an argument can be made) 

Extreme  Weather	



Recent  Weather  Disasters	
•  Whether or not the amount of extreme weather can 

be predicted with accuracy, the trend suggests a non-
linear increase – surprisingly fast considering the 
temperature hasn’t risen that much so far 



The  Dreaded  “Polar  Vortex”	
•  The Polar Vortex is a normal phenomenon : a low 

pressure zone at the poles and jet stream bordering it 
•  Compact distribution (right) is typical; wavy distribution 

(left) brings colder weather southwards as Jan-Mar 2014 
•  Speculation: melting sea ice may destabilize the vortex, 

and some recent papers but not general agreement 
•  Video 



Blocking  Weather  PaXerns	

•  IPCC: “medium confidence that the frequency of N. and 
S. Hemisphere blocking will not increase, while trends in 
blocking intensity and persistence remain uncertain.  

•  A blocking pattern is a standing wave pattern, which 
can cause a normal or extreme weather pattern to 
persist for days or weeks 

•  Heat waves such as Russia (2010) and US (2012) 

 



Summary	
•  Climate modeling is an active field which “puts it all 

together” to try to project into the future 
•  Perhaps the most complicated software 

project, requiring supercomputers  
•  A validation of Arrhenius’s work, with 

general agreement in many areas: 
o  Temperature rise, enhanced at high latitudes and over land 
o  Sea level rise due to ice sheet melting and thermal expansion 
o  Corroborating human’s dominant influence on rapid climate 

change 

•  Many uncertainties in the details (but gaining clarity): 
o  Especially in the influence of convection and clouds 
o  Precipitation patterns, weather variability 


