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  To Edward Lorenz, who showed that chaos is not the same thing as ignorance.







  
    
      “All models are wrong, but some are useful.”


    

    
      — George E. P. Box 


    

  







  
  
  Introduction

  
  




In 1938, long before supercomputers hummed in climate research centers, an English steam engineer and amateur meteorologist named Guy Callendar took on a colossal task. 




Armed with little more than a pencil, paper, and an abundance of patience, he compiled temperature records from about 200 weather stations around the globe. After performing all the calculations by hand, he arrived at a startling conclusion: over the previous 50 years, the planet had warmed by about 0.3°C. 




He believed that carbon dioxide from factories caused it. Even though his findings pretty much match what we think today, most scientists back then just brushed them aside.




Callendar’s early work brings up a serious question we’re still asking today: If we’ve known the basic science behind CO2 warming the planet for over 80 years, why are we still arguing about the models that were born from his simple math? 




How reliable is all that complicated math that shows us what the climate will be like?




To answer this, we must understand what it means for mathematics to be solid versus uncertain in the context of a system as complex as Earth’s climate. Solid mathematics is built on the bedrock of physical laws tested and verified for centuries, principles like the conservation of energy, which are as close to non-negotiable as science gets. 




Uncertain mathematics, on the other hand, arises when we must create approximations for processes that are too small, too fast, or too complex to calculate directly, such as the swirling formation of a cloud. It also appears when we confront systems whose behavior is inherently unpredictable, a domain governed by the strange rules of chaos.




This essential guide on the mathematics of climate models is a journey through the mathematical machinery of modern climate science. We are going to split this book into three parts: the first is the unshakeable foundations, the laws of nature that are well understood by science. Second, we will delve into the gray areas of complexity and approximation. Ultimately, we will arrive at the frontier, where scientists grapple with the deepest uncertainties of our climate future. 




If you ever wanted a robust backing to your climate change arguments, or just understand what science actually says in the flood of arguments and counter-arguments, this book is for you.
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Guy Stewart Callendar
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  Fundamentals of Modeling Climate

  
  




In this first chapter, let us talk about the bedrock of climate science. These are natural phenomena where math is solid and they are well understood and tested.


The predictions of modern climate models rest on these foundations of physical laws discovered in the 19th and 20th centuries, long before climate change was a public concern. These principles, expressed in the language of mathematics, describe the fundamental behavior of energy and matter on our planet. They are the solid ground upon which everything else is built.


So, picture this: you’re trying to figure out where a ball you just threw is going to land. You’d use good old Newton’s laws, right? Force, mass, acceleration, the whole nine yards. Now, crank that up a notch. Instead of one ball, imagine trillions upon trillions of them, all bumping into each other. 


That’s pretty much what our atmosphere is like. Every tiny bit of air or water follows those same Newton’s laws, but when they all get together and do their thing, you get the amazing flow of winds and ocean currents.


In the early 19th century, French engineer Claude-Louis Navier and Irish physicist George Gabriel Stokes extended Newton’s work to describe this collective dance. The result was a set of equations that bear their name, called the Navier-Stokes equations. 
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At their heart, these equations are statements about two fundamental principles of conservation. The first is conservation of momentum, meaning an object (or a parcel of air) in motion will stay in motion unless acted upon by a force. The second is conservation of mass, meaning you cannot create or destroy the fluid you are modeling.


These equations account for the forces that push and pull on the atmosphere and oceans. They describe how fluids flow from areas of high pressure to low pressure, creating wind. They account for viscosity, the internal friction or stickiness of a fluid. And they include the effects of external forces, like gravity pulling the atmosphere down and the Coriolis force, born from the Earth’s rotation, that gives storms their signature spin.


These equations are the engine of every weather forecast and every climate model, used successfully to design everything from airplanes to oil pipelines today.


Yet, these foundational equations hold a fascinating paradox. Even though we use them all the time for solid predictions, we still don’t have a complete mathematical theory that explains how they behave in every possible 3D scenario. In fact, proving that their solutions will always be smooth and predictable, and won’t just suddenly go all chaotic, is one of the big Millennium Prize Problems, with a $1 million reward offered by the Clay Mathematics Institute for a solution.


This might seem like a fatal flaw. How can science build its most consequential predictions on equations that are not fully understood? But it’s not a flaw.


The reason is the difference between pure mathematical theory and practical computation. While a universal proof is missing, mathematicians and physicists have developed powerful numerical methods to find approximate solutions on computers. These methods have been shown to be exceptionally accurate for the conditions found on Earth.


The Millennium Prize being out there doesn’t mean the models are wrong; it just shows how incredibly deep and complex the fluid dynamics running our world really are. People who doubt climate models sometimes jump on this, but it’s a bit more nuanced: the equations work great in practice, even while the really deep theoretical stuff is a topic of active mathematical research.


A second principle that forms the foundations of climate models is the science of thermodynamics. 


It was born from a very practical 19th-century problem: how to build more efficient steam engines. In trying to understand the relationship between heat, work, and energy, scientists like Sadi Carnot and Rudolf Clausius uncovered laws of nature that govern everything from engines to stars to the climate of our planet.


The most fundamental of these is the First Law of Thermodynamics, which is another name for the law of conservation of energy, stating that energy can be neither created nor destroyed, only converted from one form to another. 


In 1879, the Austrian physicist Josef Stefan was studying experimental data on the heat radiated by a hot platinum wire. He noticed that the total energy radiated was not proportional to the temperature, but to the temperature raised to the fourth power. A few years later, his former student, Ludwig Boltzmann, proved from pure thermodynamic theory that this was a universal law for any perfect radiator.
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Austrian physicist Josef Stefan


The fourth power relationship is critical. It means that a small increase in temperature leads to a much larger increase in the amount of heat radiated away. This is a powerful stabilizing effect: as the Earth warms, it becomes much more efficient at shedding heat, which pushes it back toward equilibrium.


Greenhouse gases like carbon dioxide interfere with this process. While transparent to the Sun’s incoming visible light, they are opaque to some of the outgoing infrared heat. The physical reason for this lies in quantum mechanics; the specific molecular structure of CO2 is exceptionally good at absorbing and re-emitting infrared radiation at the exact wavelengths Earth radiates most strongly.


These gases effectively reduce the planet’s ability to cool itself by trapping some of this outgoing energy. To restore balance and radiate the same amount of energy as before, the planet’s surface must warm up to a new, higher temperature.


Armed with these fundamental physical laws, scientists have been building mathematical models of the climate for over a century. The earliest models were fairly simple, yet their core predictions have stood the test of time.


The first true climate model was created in 1896 by the Swedish chemist Svante Arrhenius. He set out to determine if past ice ages could have been caused by changes in atmospheric carbon dioxide. Using the principles of energy balance and radiative transfer, he spent months
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