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Understanding the Community Earth System Model
(CESM) Equations: A Comprehensive Guide

The Community Earth System Model (CESM) stands as a cornerstone in climate science, providing a
sophisticated framework for understanding the intricate interactions within Earth's climate system. At
its heart lie the complex CESM equations, the mathematical bedrock that governs everything from
atmospheric circulation and ocean currents to the carbon cycle and ice sheet dynamics. Delving into
these CESM equations is crucial for anyone seeking to grasp how climate models are constructed,
validated, and used to project future climate scenarios. This article offers a deep dive into the
fundamental principles and mathematical formulations that power CESM, exploring its various
components and the interconnectedness of their governing equations. From the Navier-Stokes
equations that describe fluid motion to the thermodynamic principles dictating energy transfer, we
will unravel the core CESM equations, shedding light on their significance for climate research and
prediction. Understanding these equations is not just an academic exercise; it's essential for
comprehending the physical processes that drive climate change and for evaluating the reliability of
climate model outputs.
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The Mathematical Foundation: Core CESM Equations

The Community Earth System Model (CESM) is a highly complex, modular system designed to
simulate the Earth's climate as a coupled system. Its strength lies in its ability to integrate various
sub-models, each representing a critical component of the Earth system. The governing CESM
equations are a collection of mathematical representations of physical and biogeochemical processes
occurring within these components. At the most fundamental level, many of these equations are
derived from fundamental laws of physics, such as the conservation of mass, momentum, and energy.
These laws are expressed through a system of partial differential equations (PDEs) that describe how
variables like temperature, pressure, velocity, and concentration change over space and time. The
accurate representation and numerical solution of these CESM equations are paramount for
generating reliable climate projections.

Conservation Laws and Fundamental CESM Equations

The bedrock of most climate model equations, including those within CESM, are the fundamental
conservation laws. These laws are expressed mathematically as differential equations that describe
how quantities are conserved throughout the system. For instance, the conservation of mass dictates
that matter is neither created nor destroyed, a principle crucial for tracking atmospheric and oceanic
constituents. The conservation of momentum, often expressed through the Navier-Stokes equations,
governs the movement of fluids (air and water), detailing how forces like pressure gradients, Coriolis
effect, and friction influence their motion. The conservation of energy is equally vital, describing how
heat is transferred and transformed within the climate system through radiation, convection, and
conduction. These core CESM equations form the basis for understanding atmospheric circulation,
ocean currents, and heat distribution across the globe.

Thermodynamics and Energy Balance in CESM Equations

Thermodynamics plays a pivotal role in the CESM equations, particularly in governing energy transfer
and phase changes of water. The equations of thermodynamics dictate how temperature, pressure,
and volume of atmospheric gases and oceanic water masses relate to each other. This includes
understanding concepts like latent heat, which is released or absorbed during phase transitions of
water (e.g., evaporation, condensation, freezing, melting). These thermodynamic CESM equations are
essential for modeling cloud formation, precipitation, and the energy exchanges that drive weather
patterns and long-term climate variability. The global energy balance, a fundamental concept, is
meticulously accounted for through these equations, ensuring that incoming solar radiation is
balanced by outgoing terrestrial radiation, with complex feedbacks within the system.

Atmospheric Component Equations

The atmospheric component of CESM, often referred to as the Weather Research and Forecasting
(WRF) model or the Community Atmosphere Model (CAM), is responsible for simulating the behavior
of the Earth's atmosphere. The CESM equations within this component capture the intricate dynamics



of air movement, temperature variations, moisture transport, and radiative processes. These
equations are designed to represent the complex interactions between different atmospheric layers
and their response to forcings from other Earth system components.

Navier-Stokes Equations for Atmospheric Motion

The motion of the atmosphere is fundamentally governed by the Navier-Stokes equations, adapted for
a rotating spherical Earth. These PDEs describe the conservation of momentum for a fluid, in this
case, air. The equations account for forces such as pressure gradients (which drive winds from high to
low pressure areas), the Coriolis force (an apparent force due to Earth's rotation, deflecting winds to
the right in the Northern Hemisphere and left in the Southern Hemisphere), gravity, and viscous
forces (friction). In CESM, these equations are discretized and solved numerically on a grid
representing the Earth's surface and atmosphere. Understanding these CESM equations is key to
comprehending how wind patterns, storms, and large-scale atmospheric circulation systems are
simulated.

Thermodynamic Equations for Atmospheric Temperature and
Moisture

The thermodynamic CESM equations within the atmosphere model focus on changes in temperature,
pressure, and moisture content. These equations represent the conservation of energy, considering
processes like radiative heating and cooling, latent heat release from condensation, and sensible heat
transfer. They also include equations for humidity, tracking the movement and transformation of
water vapor, liquid water, and ice within the atmosphere. These CESM equations are critical for
simulating phenomena such as evaporation, cloud formation, precipitation (rain, snow), and the
development of weather systems. The interaction of these thermodynamic variables with atmospheric
motion is a core aspect of climate modeling.

Radiative Transfer Equations in the Atmosphere

A crucial part of the atmospheric component involves simulating the transfer of radiation through the
atmosphere. The radiative transfer CESM equations describe how solar radiation is absorbed,
scattered, and reflected by atmospheric gases, aerosols, and clouds, and how terrestrial (infrared)
radiation is emitted, absorbed, and transmitted. These equations are complex, involving interactions
with various atmospheric constituents and their optical properties. They are essential for calculating
the Earth's energy balance, determining surface temperatures, and understanding the greenhouse
effect, a critical driver of climate change. The accuracy of these CESM equations directly impacts the
model's ability to simulate global warming and its consequences.

Ocean Component Equations



The ocean component of CESM, typically represented by the Parallel Ocean Program (POP) or the
Community Ocean Model (COM), simulates the physical and biogeochemical processes within the
Earth's oceans. The CESM equations in this module capture the dynamics of ocean currents, heat and
salt transport, and the interactions between the ocean and the atmosphere.

Navier-Stokes Equations for Ocean Circulation

Similar to the atmosphere, the large-scale circulation of the ocean is governed by variations of the
Navier-Stokes equations, specifically tailored for oceanic conditions. These CESM equations account
for forces like pressure gradients due to density variations (driven by temperature and salinity), the
Coriolis effect, wind stress at the surface, bottom friction, and tidal forces. The ocean is a fluid with
different properties (higher density, viscosity) than the atmosphere, necessitating adjustments in the
formulation of these equations. They are used to simulate major ocean currents, eddies, and the
transport of heat and salt across the globe, playing a significant role in global climate regulation.

Thermodynamic Equations for Ocean Heat and Salt Transport

The thermodynamic CESM equations within the ocean model focus on the distribution of heat and
salt. These equations describe how heat is absorbed from the atmosphere and solar radiation at the
surface and then transported through the ocean via currents and mixing. Similarly, they track the
movement of salt, which influences ocean density and stratification. These processes are fundamental
to understanding ocean heat uptake, ocean heat content changes, and the formation of deep water
masses, which are crucial for the global overturning circulation. The accurate representation of these
thermodynamic CESM equations is vital for modeling ocean heat storage and its feedback on the
atmosphere.

Equation of State for Seawater

An integral part of the oceanographic CESM equations is the equation of state for seawater, which
defines the relationship between density, temperature, salinity, and pressure. Density variations are
the primary drivers of thermohaline circulation, the slow, deep-ocean currents that move heat and
nutrients around the globe. This equation is non-linear and complex, reflecting the physical behavior
of saltwater under varying conditions. Accurately incorporating this equation is critical for simulating
realistic ocean stratification, mixing, and the large-scale ocean circulation patterns that are so
important for climate.

Land Component Equations

The land component of CESM, often represented by the Community Land Model (CLM), simulates the
exchange of energy, water, and carbon between the land surface and the atmosphere. The CESM
equations within CLM describe processes occurring on land, from soil moisture dynamics to
vegetation growth and carbon cycling.



Water Balance Equations for Soil Moisture and
Evapotranspiration

The CLM's CESM equations for water balance are central to simulating the hydrological cycle on land.
These equations track the flow of water through the soil, considering precipitation, snowmelt,
infiltration, runoff, and evaporation from the soil surface and transpiration from vegetation. The net
process of water loss from the land surface to the atmosphere is termed evapotranspiration, which is
a key component of the surface energy balance. These CESM equations are crucial for understanding
drought, floods, and the impact of land surface conditions on atmospheric processes.

Energy Balance Equations at the Land Surface

The land surface energy balance equations determine the partitioning of incoming radiation into
sensible heat flux, latent heat flux (evapotranspiration), and ground heat flux. These CESM equations
are vital for calculating surface temperatures, including skin temperature of vegetation and ground.
They consider factors such as albedo (reflectivity of the surface), vegetation cover, and soil
properties. Accurate representation of these energy balance CESM equations is essential for
simulating regional climate, the development of convection, and feedbacks between land and
atmosphere.

Carbon and Nutrient Cycle Equations

The land component also includes CESM equations that govern the carbon and nutrient cycles. These
equations simulate photosynthesis, respiration by plants and soil microbes, decomposition of organic
matter, and the cycling of essential nutrients like nitrogen. These biogeochemical CESM equations are
critical for understanding the terrestrial carbon sink, the release of greenhouse gases from soils, and
the influence of land management practices and climate change on ecosystem productivity and
stability. They also incorporate equations for modeling vegetation growth and phenology, further
linking the land surface to the broader climate system.

Sea Ice Component Equations

The sea ice component of CESM, often the Los Alamos Sea Ice Model (CICE), simulates the formation,
growth, melting, and movement of sea ice. The CESM equations in this module are crucial for
understanding the cryosphere's role in regulating Earth's temperature and its feedback mechanisms.

Thermodynamic Sea Ice Growth and Melt Equations

The thermodynamic CESM equations for sea ice describe the physical processes of freezing and
melting. These equations are based on principles of heat transfer and phase changes, considering



factors like surface temperature, ocean heat flux, and the insulating properties of ice and snow. They
determine how thick the ice becomes during winter and how much it melts during summer. These
CESM equations are fundamental to calculating the extent and thickness of sea ice, which
significantly impacts Earth's albedo and ocean circulation.

Mechanical Sea Ice Dynamics Equations

Beyond thermodynamics, the mechanical CESM equations are essential for simulating the movement
and deformation of sea ice. These equations describe how forces such as wind stress, ocean currents,
and internal ice pressure cause the ice pack to drift, converge, diverge, and form ridges. This complex
rheology of sea ice is represented by constitutive laws that relate stress to strain. Understanding
these CESM equations is crucial for modeling the transport of heat and salt by sea ice and for
accurately predicting sea ice extent and thickness in polar regions.

Albedo and Radiation Interactions

The sea ice component also incorporates CESM equations related to albedo, which is the reflectivity of
the ice surface. Fresh snow-covered ice has a high albedo, reflecting most incoming solar radiation
back into space, thus exerting a cooling effect. As ice melts and exposes darker ocean water or older,
dirtier ice, the albedo decreases, leading to increased absorption of solar radiation and further
warming - a significant positive feedback loop. These equations are intertwined with the radiative
transfer calculations in the atmosphere component.

Biogeochemistry Component Equations

CESM often includes sophisticated biogeochemistry components, such as the Carbon-Land-Unit-
Ecosystem-Rent-Model (CLM-CN) for terrestrial ecosystems and the Ocean Carbon Model
Intercomparison Project (OCMIP) or similar models for the ocean. The CESM equations here focus on
the cycling of carbon, nitrogen, and other essential elements.

Terrestrial Biogeochemistry Equations

The terrestrial biogeochemistry CESM equations govern the exchange of carbon and nutrients
between the atmosphere, biosphere, and soil. This includes detailed representations of
photosynthesis, autotrophic and heterotrophic respiration, soil organic matter decomposition, and
nutrient uptake by plants. These CESM equations are crucial for simulating the terrestrial carbon sink,
the release of greenhouse gases like methane and nitrous oxide from soils, and the impact of land
use and climate change on ecosystem function and stability. They aim to capture how plants and soils
respond to changing environmental conditions.



Ocean Biogeochemistry Equations

In the ocean, biogeochemistry CESM equations simulate the cycling of carbon, oxygen, nutrients, and
phytoplankton. These equations describe processes such as primary production by phytoplankton
(which consume C0O2), respiration, decomposition, and the exchange of carbon dioxide between the
ocean and atmosphere. Key elements like nitrogen, phosphorus, and iron, which are essential for
phytoplankton growth, are also tracked. These CESM equations are vital for understanding the
ocean's role as a carbon sink, ocean acidification, and the impact of climate change on marine
ecosystems. They often involve complex, coupled ODEs and PDEs to represent nutrient limitation and
biological interactions.

Coupling of Biogeochemistry and Climate

A critical aspect of CESM is the tight coupling between its biogeochemistry components and the
physical climate components. Changes in climate (e.g., temperature, precipitation, ocean pH) affect
biogeochemical processes, and vice versa. For example, increased atmospheric CO2 can stimulate
plant growth (fertilization effect), potentially increasing the land carbon sink, but warmer
temperatures can increase respiration, releasing more CO2. Similarly, ocean warming and
acidification impact marine life. The CESM equations are designed to capture these crucial feedbacks,
making CESM a truly Earth system model rather than just a climate model.

Coupling Mechanisms and Inter-Component CESM
Equations

The power of CESM lies in its ability to couple its various components, allowing them to interact and
influence each other. This coupling is achieved through specific interfaces and data exchange
protocols, governed by a set of inter-component CESM equations and procedures that ensure
consistency and conservation across the model.

Data Exchange and Flux Calculations

The coupling between components involves the exchange of surface fluxes, such as heat, moisture,
momentum, and carbon. For instance, the atmosphere model calculates surface temperatures and
precipitation, which are then passed to the land and ocean models. Conversely, the land and ocean
models provide surface conditions like sea surface temperature and land surface type back to the
atmosphere. The CESM equations governing these exchanges ensure that energy and mass are
conserved across the interfaces. This involves careful interpolation and averaging of data between
the different grids used by each component.



Coupler Model and its Role in CESM Equations

A dedicated coupler model acts as the intermediary, managing the data exchange between the
different CESM components. It handles the communication of boundary conditions and fluxes,
ensuring that information is passed correctly and consistently. The coupler's programming and
algorithms are designed to enforce conservation laws across component boundaries, making it an
integral part of the overall CESM numerical framework. This ensures that the integrated system of
CESM equations behaves realistically.

Feedback Mechanisms and System Behavior

The interactions facilitated by the coupling mechanisms allow CESM to represent critical feedback
loops within the Earth system. For example, changes in sea ice extent (driven by oceanic and
atmospheric conditions) affect Earth's albedo, which in turn influences atmospheric temperature.
Similarly, the terrestrial carbon cycle feedbacks on atmospheric CO2 concentrations, impacting the
radiative forcing. The CESM equations governing these interactions are what allow the model to
simulate complex climate dynamics and predict future climate trajectories with greater accuracy.

Numerical Methods and Discretization of CESM
Equations

Solving the complex, non-linear partial differential equations that constitute CESM requires
sophisticated numerical methods. These methods discretize continuous variables and equations into a
finite set of values and calculations, allowing computers to process them.

Finite Difference and Finite Volume Methods

Many of the fluid dynamics equations within CESM, such as those for atmospheric and oceanic
circulation, are solved using finite difference or finite volume methods. These techniques approximate
the derivatives in the differential equations with algebraic expressions over a grid. Finite difference
methods approximate derivatives at grid points, while finite volume methods approximate fluxes
across grid cell boundaries. The choice of method and the order of accuracy are critical for the
stability and accuracy of the simulations, directly influencing the fidelity of the CESM equations'
solutions.

Spectral Methods in Atmospheric Modeling

Some atmospheric models, including components used in CESM, employ spectral methods. In these
approaches, variables are represented as sums of basis functions (e.g., spherical harmonics). This
allows for very accurate representation of smooth fields and can be computationally efficient for



global models. However, handling non-linear terms and discontinuities can be more complex with
spectral methods, and they are often used in conjunction with other numerical techniques for
different parts of the CESM equations.

Time Stepping and Integration Schemes

To advance the simulation through time, CESM uses various time-stepping schemes. These can range
from simple forward Euler methods to more complex implicit or semi-implicit methods that improve
stability, especially for phenomena with very short time scales (like sound waves, which are often
filtered out in climate models). The choice of time-stepping scheme is crucial for the computational
efficiency and accuracy of solving the CESM equations over long climate simulation periods.

Validation and Verification of CESM Equations

Ensuring that CESM accurately represents the real Earth system is a continuous process involving
rigorous validation and verification against observational data and theoretical understanding.

Comparison with Observational Data

A primary method for validating CESM is by comparing its output with a wide range of observational
data. This includes satellite measurements of temperature, precipitation, sea ice extent, and
atmospheric composition, as well as in-situ measurements from weather stations, ocean buoys, and
research vessels. By comparing simulated historical climate trends and present-day conditions with
these observations, scientists can identify biases and errors in the underlying CESM equations and
model parameterizations.

Intercomparison with Other Climate Models

CESM is also compared with other leading climate models developed by research institutions
worldwide. Projects like the Coupled Model Intercomparison Project (CMIP) provide a standardized
framework for running ensembles of climate models under various scenarios. This intercomparison
helps to assess the range of model behaviors, identify areas of consensus and disagreement, and
understand the robustness of different modeling approaches to the CESM equations.

Process-Based Diagnostics and Benchmarking

Beyond comparing overall climate states, scientists use process-based diagnostics to evaluate how
well CESM simulates specific climate processes, such as cloud formation, ocean convection, or carbon
cycle dynamics. Benchmarking against simplified models or theoretical calculations for isolated



processes also helps to isolate and understand the behavior of individual CESM equations and their
interactions.

The Importance of Understanding CESM Equations for
Climate Science

A deep understanding of the CESM equations is not merely an academic pursuit; it is fundamental to
advancing climate science and making informed decisions about our planet's future.

Improving Climate Projections and Predictions

The accuracy and reliability of climate projections directly depend on the fidelity of the CESM
equations used to represent Earth's processes. By refining these equations, incorporating new
scientific understanding, and improving numerical techniques, scientists can generate more accurate
predictions of future warming, sea-level rise, extreme weather events, and their impacts on
ecosystems and human societies.

Attribution of Climate Change

Understanding the CESM equations allows scientists to disentangle the various factors influencing
climate change, such as greenhouse gas emissions, natural climate variability, and solar forcing. By
running simulations with and without anthropogenic forcings, and by examining how different
processes represented by the CESM equations respond, researchers can attribute observed changes
in the climate system to specific causes.

Informing Policy and Decision-Making

The insights derived from CESM simulations, grounded in its underlying equations, provide the
scientific basis for climate policy and adaptation strategies. Decision-makers rely on these projections
to understand the potential risks and consequences of climate change and to implement effective
mitigation and adaptation measures. A clear understanding of the strengths and limitations of the
CESM equations is crucial for translating scientific findings into actionable policy.

Conclusion

The Community Earth System Model (CESM) represents a monumental achievement in scientific
modeling, providing an integrated framework for understanding the complex dynamics of our planet.
At its core are the sophisticated CESM equations, derived from fundamental physical and



biogeochemical principles, which govern everything from atmospheric circulation to oceanic heat
transport and the carbon cycle. This comprehensive exploration has highlighted the critical role of
these mathematical formulations, from the Navier-Stokes equations describing fluid motion to the
thermodynamic equations governing energy and phase changes, and the intricate biogeochemical
equations that capture elemental cycling. By understanding the discretization methods, coupling
mechanisms, and rigorous validation processes applied to these CESM equations, we gain a deeper
appreciation for the model's capabilities and limitations. The ongoing refinement and study of CESM
equations are essential for improving climate projections, attributing observed changes, and
informing crucial policy decisions to address the pressing challenge of climate change. Ultimately, a
solid grasp of the CESM equations is indispensable for anyone seeking to contribute to or comprehend
the future of climate science.

Frequently Asked Questions

What is the fundamental purpose of the Community Earth
System Model (CESM)?

CESM's fundamental purpose is to understand the Earth's climate system as an integrated whole,
simulating the interactions between the atmosphere, oceans, land surface, ice, and biogeochemistry
to predict future climate change and its impacts.

What are the key components or 'models' that make up
CESM?

CESM is modular, consisting of interconnected models representing the atmosphere (CAM), ocean
(POP/MPAS), land surface (CLM), sea ice (CICE), and often a biogeochemistry component (BGC) or
other specialized modules.

How are the different CESM components 'coupled' together
for simulations?

The components are coupled through a 'populator' or ‘coupler' that exchanges fluxes (e.g., heat,
water, momentum) between the model grids, ensuring a consistent and interactive simulation of the
Earth system.

What are some of the key mathematical equations that
govern CESM's atmospheric component (CAM)?

CAM is based on fundamental equations of atmospheric dynamics, including the primitive equations
(conservation of momentum, mass, energy) and thermodynamic equations, often solved using
spectral or finite volume methods, and incorporating parameterizations for sub-grid scale processes.

What are the primary equations governing the ocean



component of CESM?

The ocean components typically solve the primitive equations of motion, continuity equation, and
thermodynamic (heat and salinity) equations, often in a hydrostatic and Boussinesq approximation,
describing the movement and properties of ocean water.

How does CESM handle the complex interactions between
land surface and atmosphere?

The land surface model (CLM) uses equations to simulate processes like evapotranspiration, soil
moisture, snow cover, vegetation dynamics, and carbon cycling, exchanging energy and water fluxes
with the atmospheric model.

What are some recent advancements or trending research
areas in CESM?

Recent trends include higher resolution simulations, improved representation of biogeochemical
cycles (especially carbon and nitrogen), better cloud and aerosol parameterizations, and the
development of new components like ice sheets and integrated socio-economic models.

What are the challenges in developing and utilizing CESM,
particularly concerning its equations?

Challenges include managing computational cost due to complex equations and high resolutions,
accurately representing complex physical and biogeochemical processes with parameterized
equations, and validating model outputs against diverse observational datasets.

How are 'parameterizations' used within the equations of
CESM, and why are they necessary?

Parameterizations are simplified mathematical representations of physical processes that occur at
scales smaller than the model's grid resolution (e.qg., cloud formation, turbulence). They are essential
because directly resolving these processes would be computationally prohibitive.

Additional Resources

Here are 9 book titles related to the Community Earth System Model (CESM) equations, with short
descriptions:

1.

Atmospheric Dynamics and Numerical Modeling for Climate
Prediction

This book delves into the fundamental physical principles governing atmospheric motion and the
mathematical equations used to represent them in climate models. It provides a thorough grounding



in fluid dynamics, thermodynamics, and radiative transfer, all crucial for understanding how CESM
simulates the atmosphere. The text likely explores numerical methods for solving these complex
equations, forming the basis of CESM's atmospheric component.

2.

Ocean Circulation and Climate: Governing Equations and
Parameterizations

Focusing on the ocean's role in the climate system, this book would detail the equations of motion,
heat, and salt transport that underpin ocean modeling. It would likely cover the challenges of
parameterizing sub-grid scale processes like turbulence and convection, essential for CESM's ocean
component. Readers would gain insight into how ocean dynamics influence global climate patterns as
simulated by the model.

3.

The Science of Sea Ice: Dynamics, Thermodynamics, and
Model Representations

This title suggests a comprehensive exploration of sea ice physics and its mathematical formulation
within climate models. It would cover the equations governing ice formation, melt, drift, and
deformation, and how these processes are approximated in CESM. Understanding these equations is
vital for comprehending CESM's representation of polar regions and their impact on global climate.

4.

Land Surface Processes and Hydrology in Earth System
Models

This book would concentrate on the complex interactions between land surfaces, the atmosphere,
and the water cycle, as expressed through CESM's land model equations. It would explain how
processes like evapotranspiration, soil moisture, vegetation dynamics, and snow cover are
mathematically described. The text is key to understanding how CESM simulates terrestrial
ecosystems and their feedback to climate.

5.

Biogeochemical Cycles and Climate: The Chemistry of Earth's
System

This title highlights the crucial role of biogeochemistry in the climate system and how these processes
are encoded in CESM. It would explain the equations governing carbon, nitrogen, and other elemental
cycles, and how they interact with physical climate processes. The book would be essential for
understanding CESM's representation of greenhouse gas dynamics and ecosystem feedbacks.

6.



Computational Methods for Climate Model Development and
Analysis

This book would focus on the mathematical and computational techniques used to implement and
analyze Earth system models like CESM. It would likely cover topics such as discretization methods,
numerical stability, parallel computing, and methods for interpreting large model output datasets.
Understanding these aspects is critical for comprehending how CESM's equations are translated into a
functional model.

7.

Radiative Transfer in Earth's Atmosphere and Beyond

This title suggests a deep dive into the physics and equations governing how radiation interacts with
Earth's atmosphere and surface. It would explain the mathematical formulations for absorption,
emission, and scattering of solar and terrestrial radiation, crucial for CESM's radiation component. The
book would be fundamental for understanding how CESM simulates Earth's energy balance.

8.

Climate Model Intercomparison and Evaluation: Principles and
Practice

While not directly about equations, this book would discuss the framework for comparing different
climate models, including CESM, and validating their outputs against observations. It would implicitly
address how the underlying equations and their implementations influence model behavior and
agreement with reality. This would provide context for the development and application of CESM's
equations.

9.

The Community Earth System Model: Architecture,
Components, and Applications

This book would provide an overview of CESM's structure, detailing its various coupled components
(atmosphere, ocean, land, ice, biogeochemistry) and how they interact. It would explain the
conceptual basis for the equations within each component and how they are integrated. The text
would serve as a guide to the overall system that is built upon these fundamental equations.
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