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Global Climate Models

Global models of the Earth’s climate system are the primary tools
scientists use to understand the Earth’s climate system. They yield
critical insights into the components of the Earth’s climate system,
including the atmosphere, land, oceans, and biosphere, the processes
at work within and between them, and how natural factors and human
activities affect climate at the regional to global scale. This chapter
summarizes the evolution of climate modeling and describes current
global climate models and how they are being used to study the
changing climate.

2.1 The Need for Climate Models

Computational models are often used by scientists and engineers to understand
complex systems, as well as to understand the processes, interactions, and
associated physics, chemistry, and biology affecting the world around us. In the
case of the Earth’s climate, such models are particularly important, as they allow
scientists to construct a virtual “lab” where they can run experiments on an entire
planet, whether studying the circulation of Jupiter’s atmosphere, paleoclimate in
the Earth’s distant past, or how the climate today responds to the choices that
humans make now and in the future.

The complex global climate models (GCMs) that simulate the Earth’s climate
have a variety of uses, including comparing them against observations to
evaluate scientific understanding of individual components of the system and its
processes; examining how these components respond to changes in both internal
and external factors; determining how well we understand past and current
changes in climate; and projecting how climate could change in the future. These
models can incorporate both theoretical understanding and direct observations
(e.g., observed changes in the output from the sun and documented changes in
the emissions from human activities) to study the past and present response of the
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climate system to such changes, as well as providing the basis for projecting
climate into the future.

Because of their unique ability to simulate the response of the Earth’s climate
system to human choices, and because their output takes the recognizable shape of
maps, which enables scientists and decision makers to connect human choices to
their resulting impacts at the regional scale, these models provide an important
foundation for action on climate change. As a result, they often form the basis for
analyses that range from understanding the science of climate change, to setting
local, regional, national, or even international targets, to examining and comparing
potential options for adaptation and mitigation.

2.2 The Evolution of Climate Modeling

The first mathematical models representing the Earth’s energy balance and the
processes affecting atmospheric radiative transfer were constructed the late 1800s
(Edwards 2011). The best recognized of these early studies was by Swedish chemist
Svante Arrhenius, who calculated by hand the effect of increasing concentrations of
carbon dioxide on global temperature (Arrhenius 1896). Based on this study, using a
simple climate model combining radiative transfer with a zero-dimensional energy
balance model, Arrhenius correctly concluded that human emissions of carbon
dioxide could warm the Earth. In his later book (Arrhenius 1906) he discussed the
now well-recognized nonlinear relationship between an increase in the concentration
of atmospheric CO2 and the resulting change in global temperature, stating that “any
doubling of the percentage of carbon dioxide in the air would raise the temperature
of the Earth's surface by 4� (in degrees centigrade); and if the carbon dioxide were
increased fourfold, the temperature would rise by 8�.”

Energy Balance Models (EBMs) such as Arrhenius used are one of the oldest types
of climate models still in use today. EBMs estimate the changes in the Earth’s climate
from an analysis of the energy budget of the Earth. In their simplest form, zero-
dimensional EBMs do not include any explicit spatial dimension; they simply
determine a globally averaged temperature. The most commonly used form of EBMs
today, however, is one-dimensional, where variations with latitude are accounted for
by a parameterization of the dynamical effects of the Earth to model the transfer of
energy across theplanet (Budyko1969; Sellers 1969).Thesemodels are generally used
to evaluate thepotential of different policies to reduce emissions of heat-trappinggases.

Radiative–convective models are the other commonly used simple type of climate
model. Thesemodels allowenergy from the absorption and reflection of solar radiation
and emission of infrared to be exchanged both upward and downward between
different layers in the atmosphere, averaged over the globe. They also consider the
upward transport of heat by convection, which is especially important in the lower
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atmosphere, and are typically used to determine globally and seasonally averaged
surface and atmospheric temperatures (Ramanathan and Coakley 1978). Radiative–
convective models can also be used to study the effect of atmospheric gases and
particles on surface temperature and on how temperature varies with altitude.

While simpler models can be useful tools to address particular questions, these
models simplify and parameterize a great deal of important information that is
necessary to fully understand the Earth’s climate system. Therefore, to gain a
fundamental understandingof theEarth’s climate and the processes affecting it, aGCM
is necessary. These complex, three-dimensional models are built on fundamental
physical equations that include the conservation of energy, mass, and momentum, and
how these quantities are exchanged amongdifferent components of the climate system.
GCMs include the physics, the chemistry, and increasingly, the biology of various
processes that make up the climate system. Using these fundamental relationships,
GCMs are able to generate from first principles many important features that are
evident in the Earth’s climate system: the jet stream that circles the upper atmosphere;
the Gulf Stream and other ocean currents that transport heat from the tropics to the
poles; and even hurricanes in the Atlantic Ocean and typhoons in the Pacific Ocean,
when the models are run at a fine enough spatial resolution. Biological processes are
represented with increasing degrees of sophistication; these include different
vegetation types and their growth, photosynthesis, roots, and leaves and the
interactions of vegetation with nutrients in the soil and soil moisture. The atmosphere
is made of trace amounts of gases and aerosol particles, in addition to nitrogen and
oxygen. Models represent the most important of these trace gases and aerosols that
effect the energybudget of the atmosphere by absorption or scattering, play a role in the
formation and life cycle of atmospheric clouds. The science in these climate models is
similar to what is used in weather forecast models, but focuses more on processes that
affect the Earth system over periods of decades rather than hours.

GCMs divide the Earth, including the atmosphere, ocean, land surface, and
cryosphere or ice, into grids of discrete “cells,” which represent computational
units (Figure 2.1). Unlike the simpler models described, physical processes internal
to a GCM grid cell – such as convection – that occur on scales too small to be
resolved directly by the model are parameterized at the cell level, while other
functions govern the interface between cells.

The first three-dimensional computational climate model was developed by
scientists at the US National Oceanic and Atmospheric Administration’s (NOAA’s)
Geophysical Fluid Dynamics Laboratory (Manabe and Bryan 1969). These early
global climate models were called General Circulation Models (using the same
acronym, GCMs) as they were primarily concerned with simulating the general
circulation of the atmosphere and used only a very simple representation of the
ocean, assuming it was a well-mixed slab that provides moisture to the atmosphere.
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As time went on, more processes and components were added to GCMs; and as
computational power increased, so too did the spatial and temporal resolution of the
models. For example, the model described by Manabe and Wetherald (1975) used an
atmospheric horizontal resolution of about 500 km (roughly five degrees of latitude)
with nine vertical layers, while today’s models tend to have a horizontal resolution of
one degree of latitude (~ 100 km) or finer and fifty to seventy or more vertical layers
in the atmosphere, with a similar resolution in the ocean.

The historical spatial resolution of climate models has largely been constrained
by the computational capabilities available at the time the models were being
developed and run. It is therefore not surprising that the treatment of the processes
affecting climate in these models has advanced greatly as the computational
capabilities have increased, which in turn has increased understanding of relevant
climate processes.

Figure 2.2 shows two different representations of the history of the development
of climate models. Since the early GCMs of the 1960s and 1970s, GCMs have

Figure 2.1 Computer models simulate climate by dividing the world into three-
dimensional grid boxes, evaluating physical processes such as temperature, winds,
and atmospheric concentrations of gases and particles at each grid point. At each
model time step, a new state of the Earth’s atmosphere and oceans is calculated
and then used as the initial state for the next time step. By this method the model is
“stepped forward” in time. The simulated climate can then be inferred by the
“statistics” (averages, extremes, etc.) from multi-decadal simulations. Typical
global climate model time steps are about thirty minutes. In practice, the time step
also depends on the spatial resolution and, depending on the resolution and
available computing power, models can be used to study changes in climate over
years, decades, or even centuries and millennia.
Figure source: www.earthmagazine.org/article/todays-weather-forecast-good-strong-chance-
improvement
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evolved to include more and more processes important to understanding the
evolving climate system.

Box 2.1
Weather vs. Climate Models

While there are many similarities between models used for daily weather forecasts and
the models used for climate projections, there are some important differences between
the two. As discussed by IPCC (2013), to make accurate weather predictions,
forecasters need highly detailed information about the current state of the atmosphere.
The chaotic nature of the atmosphere means that even the tiniest error in the depiction
of initial conditions typically leads to inaccurate forecasts beyond a week or so. In
contrast, climate scientists do not attempt or claim to predict the detailed future
evolution of the weather over coming seasons, years, or decades. Instead, climate
models are used for understanding multi-decadal changes in the average statistics of
temperature, precipitation, and other parameters that determine the climate system.

Weather forecasting is largely an initial-state problem, where understanding the
initial conditions in detail is crucial. In contrast, climate is a boundary-value problem,
where it is more important to know the initial climate conditions and the forcings that
led to that climate representation. Climate model results over the long run, thirty years
or more simulation time, produce similar climates with an increase in greenhouse gas
emissions, even with small changes in how they are initialized, giving us confidence
that this is a complex system that can be reliably modeled.

Figure 2.2 As scientific understanding of climate has evolved over the last 120
years, increasing amounts of physics, chemistry, and biology have been incorpor-
ated into calculations and, eventually, models. This figure shows when various
processes and components of the climate system became regularly included in
scientific understanding of global climate calculations and, over the second half of
the century as computing resources became available, formalized in GCMs.
Source: Hayhoe et al. (2017)

Global Climate Models 23

https://doi.org/10.1017/9781108601269.003 Published online by Cambridge University Press

https://doi.org/10.1017/9781108601269.003


Many of today’s GCMs are now called Earth System Models (ESMs), because
they aim to encapsulate such a broad expanse of understanding of the physical,
chemical, and biological processes involved in the climate system, their
interactions, and the performance of the climate system as a whole. In addition
to treating atmospheric and ocean dynamics and thermodynamics, ESMs include
an interactive carbon cycle that accounts for biogeochemistry, and often simulate
atmospheric chemistry and aerosols, and land-surface interactions including soil
and vegetation, as well as land and sea ice.

2.3 Physical Processes in Global Climate Models

The processes that affect the Earth's climate operate on a range of different
temporal and spatial scales, from chemical processes that occur in seconds at
microscale to large-scale weather systems that extend over thousands of kilometers
or ice-sheet processes that operate over millennia. These processes also interact
with each other across different temporal and spatial scales. This means that even
though a GCM may primarily be used for analyses and projections of climate over
decades to centuries, scientists still need to incorporate processes on smaller spatial
and shorter temporal scales into these models, because these processes interact
with processes that occur on larger and longer scales.

The physical processes affecting the atmosphere that are incorporated into
climate models can be divided into several categories. The first category consists
of the physics that represents fundamental principles, such as the conservation of
energy, momentum, and mass. The second category includes physical
phenomena described by equations that are known to have closed-form
solutions but that must, in practice, be approximated due to discretization of
complex equations on computers. These equations include the transfer of
radiation through the atmosphere and the equations that describe fluid motion.
Complex partial differential equations are discretized through various computa-
tional techniques that maintain accuracy, mass conservation, and other highly
desirable characteristics, while also being computationally efficient. The third
category contains empirical equations, such as formulas for evaporation as a
function of wind speed and vapor-pressure deficit. For the latter categories,
modelers also often develop parameterizations that attempt to capture how a
small-scale process acts over the scale of a GCM grid cell. For instance, the
average cloudiness over a 100 km2 grid box is not directly and easily related to
the average humidity over the box. Nonetheless, as the average humidity
increases, average cloudiness will also increase. Given uncertainties in the
science, the approach used to develop a parameterization can depend on expert
judgment. However, much of the large-scale behavior projected by climate
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models is robust, in that it does not depend significantly on the specifics of
parameterization and spatial representation.

Figure 2.3 illustrates some of the major components of the Earth’s climate that
are considered in global climate modeling. Today’s GCMs aim to simulate many
processes, ranging from clouds to biogeochemistry to ice to marine ecosystems to
large-scale weather events. A short description of some of the important
components and processes that need to be represented in climate models are
described below.

Clouds: Clouds play a significant role in controlling the energy and water
budget of the planet. Representing clouds in all their details is one of the biggest
challenges in climate modeling, as clouds range in size from less than a kilometer
to giant organized convective systems. Given this range of cloud spatial scales,
representation of clouds is sub-grid (smaller than grid resolution) of current
generation of climate models and clouds are not explicitly resolved. Models of

Figure 2.3 An illustration of some of the major components affecting the Earth’s
climate that are considered in a GCModel. (Graphic from NCAR;
figure source: www2.ucar.edu/news/backgrounders/complexity-climate-modeling)
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known physics of cloud formation and its lifecycle through precipitation are
combined with parameters representing factors that are sub-grid to the model or
poorly understood. The sub-grid phenomenon that is parameterized is the
microscale process of cloud formation, seeded by submicron scale particles
(e.g., Morrison and Gettelman 2008); the onset of precipitation; and the
interactions between clouds and atmospheric particles that modifies their radiative
properties. Climate models include two important types of cloud:

• Deep and Shallow Convective Clouds: These are small clouds that form low in
the atmosphere, just above the atmospheric boundary layer, due to convective
mixing in the atmosphere. Some of these grow into tall towers when the
convection is strong and water vapor for condensation is available. These clouds
are typically smaller than the grid size of a climate model and hence their
formation and growth are extensive areas of research and analysis in climate
models (Zhang and McFarlane 1995; Larson and Golaz 2005).

• Stratiform Clouds: These are low-level clouds, most common over marine
environments and persisting for long periods of time, and are often seen as a
very thin flat sheet of condensed water, either liquid or ice depending on the
temperatures. They dissipate primarily by drizzling. Since they occupy large
regions, they are fully resolved in climate models with no additional parameter-
izations beyond the microphysics of droplet formation.

Hydrological Cycle: Climate models include a detailed description of the Earth’s
hydrological cycles in the atmosphere. They represent the process of evaporation
of water from the land, oceans, and large inland bodies of water; the clouds
described above condense and precipitate water vapor and move large amounts of
water in the atmosphere from one location to another; water vapor moves with the
wind across the planet and deep into the atmosphere due to convection, advection,
and mixing in the model’s atmosphere. Climate models also represent the
precipitation of snow and its melting in high latitudes and altitudes. Snow has a
high albedo and reflects more solar radiation than does a snow-free surface, and is
important for calculating the energy budget.

Atmospheric Circulation: GCMs in their first incarnation were essentially
designed to represent the circulation of air around the planet. The circulation of air
transports heat and water vapor, mixes surface air with upper atmosphere, and
essentially determines the weather on any given day, by its interaction with ocean
and land, the climate over longer time scales. The main arm of the atmospheric
circulation moves warm air up from the tropics up and toward the poles, where it
sinks to the surface of the Earth and brings the cold air back toward the tropics.
There are several other persistent flow systems imposed on this overall flow
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pattern, some planetary scale waves at high latitudes, jet streams, westerlies, and
easterlies that are represented in these models. Many climate models are designed
using numerical schemes that divide the atmospheric flow into wave motions of
several wave lengths. Often the model designation used by a particular model
refers to the shortest atmospheric wave resolved. For example, a T85 model
truncates the atmospheric flow at wave number 85, which has an approximate size
of 100 km in the horizontal. Atmospheric waves shorter than this wavelength are
not represented in the models, and their effect on atmospheric flow is
parameterized. In the vertical, atmosphere is represented as various layers
extending from the surface to the top of the atmosphere. These layers are: the
atmospheric boundary layer (the lower 2 km of the atmosphere), troposphere (the
lower 15–18 km of the atmosphere), stratosphere (from the top of the troposphere
to about 50 km) and in some models the mesosphere (from 50 km to 80 km).

Land Surface Representation: The representation of land, properties of the land
for conducting and storing heat, infiltration of water through the soil to ground
water table, and topography of the land are all key elements included in the model
and define the coupling of the land to atmosphere. Surface runoff of water through
gravity flow from land to oceans is included using simple representations of the
rivers and streams. On Earth, the heating and cooling of the land, which drives the
diurnal circulation patterns of temperature and atmospheric motion, are represented
in the model. The land includes several layers of soil and represents the storage of
heat in the lower layers of soil, which changes over longer time periods (seasonal
and annual scales) as compared to the surface layer of the soil, which responds to
solar heating each day. Precipitation, and its effect on soil moisture, is represented,
making it possible to model the coupling of soil moisture with atmosphere through
evaporation of moisture from the soil and the heating of the atmosphere through
transfer of infrared radiation from the soil to the atmosphere. Topography at the
spatial resolution of the model is included, as it has important effects of
atmospheric flow, cloud formation, and precipitation.

Biogeochemistry and Atmospheric Chemistry: Climate models increasingly
include complex sub-models of biogeochemistry and atmospheric chemistry. The
biogeochemical cycles of carbon, nitrogen, and phosphorous are now included in
many state-of-the art models. Carbon-cycle models include the entire life cycle of
carbon in the atmosphere: its transport; vegetation as a sink during the growing
season and release back into the atmosphere during the senescence in fall/winter;
transfer of carbon to the soil for long-term storage; and carbon sink to the oceans.
The nitrogen cycle is represented in terms of its sources from anthropogenic and
natural emissions and removal through precipitation. Other trace atmospheric gases,
such as nitrous oxide and methane, which are important heat-trapping gases, are
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included in many GCMs. Models that represent methane include other key
atmospheric gases, such as ozone and hydrocarbons, as they are required to represent
the processes that lead to atmospheric loss of methane due to chemical reactions.

Incoming Solar Energy and Outgoing Heat Energy. The GCMs were initially
conceived as EBMs as discussed earlier and thus considerable efforts were made to
represent the transfer of shortwave energy from the sun through the atmosphere to
the surface of the Earth. The return of most of this energy back into the space from
the top of the model as it is reflected back from the clouds, land, ocean, and
atmospheric gases and particles is also modeled. The remaining energy absorbed
by the surface, aerosols, and atmospheric gases released back into the atmosphere
as infrared radiation is represented. The input from sun includes the representation
of variability of energy from the sun in the form of sunspot activity, seasons, and
location on the Earth and the time of the day.

Glaciers, Land, and Sea Ice: GCMs include models of land-based ice sheets and
ice cover over the ocean to various degrees of complexity. Ice-sheet models have
been recently introduced in various climate models and made available to the next
IPCC assessment and the CMIP6 model archive. Ice-covered oceans and ice sheets
have high albedo and reflect the shortwave radiation reaching the surface, and act
to cool the lower atmosphere near the poles. Melting sea ice could expose the
darker oceans in the polar region, and the dark regions absorb more of the
incoming energy, which could lead to warmer oceans and more ice melt.
Representing the ice and ice sheets accurately is thus critical for climate models
and one topic that is of large scientific interest at present.

Ocean Currents, Temperature, and Salinity. Climate models have evolved from
representing oceans as simple slabs that primarily acts as a heat sink to balance the
Earth’s energy budget to models that now represent the circulation of the ocean
currents. Ocean models calculate the temperature of the ocean water at various
depths of the ocean, mixing within the different layers of the ocean, ocean salinity,
and acidity. Modeling these variables is essential for representing phenomena such
as the North Atlantic’s overturning circulation, which helps keep Europe relatively
warm for its latitude. Representing the temperature gradient through the depth of the
ocean, overturning circulations, and marine biogeochemistry are also essential for
representation of carbon cycle over timescales of decades and longer. These
processes are now present in the more advanced climate models.

2.4 Advances in Climate Modeling and Model Resolution

Representations of Earth system processes have significantly improved in recent
years as a result of new observations and process analyses. Notable advances have
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been made in representing effects of aerosols on radiative transfer and various
ways that aerosols and clouds interact, capturing biosphere representation in the
models and treating the cryosphere (ice). A representation of the carbon cycle has
been added to many models; those that have a carbon cycle are called ESMs. Also,
a high-resolution stratosphere is now included in many models so that stratospheric
ozone and dynamical interactions can be better treated. Other ongoing process
developments in climate models include enhancing the representation of nitrogen
effects on the carbon cycle. Looking to the future, current efforts are focusing on
improving model treatment of the processes affecting ice-sheet dynamics, land-
surface hydrology, and the effects of agriculture and urban environments. As new
processes or treatments are added to the models, they are also evaluated and tested
relative to available observations.

In addition to including additional processes in the models and improving the
treatment of existing processes, the total number of climate models and the average
horizontal spatial resolution of the models have improved over time. There are
now over forty GCMs that have been created and are run by research groups at
government laboratories or research facilities around the world. While the basic
structure of these models is comparable, they all differ in their details: The Earth's
climate system is incredibly complicated. These models must portray the physical
interactions among the atmosphere, the oceans, land surfaces, and sea ice with
respect to a multitude of processes operating on many different space and time
scales. Different models make different choices as to which elements of the
physics to emphasize, for instance by how finely the vertical structure of the
atmosphere is subdivided. Different models also have different portrayals of
elements of the climate system that are more challenging to model, such as the
treatment of clouds, aerosols, or the carbon cycle.

The utility of having a number of independent climate models is in that it gives
us an opportunity to evaluate models that use different assumptions, physics
parameterization and computational frameworks relative to one another. These
types of model intercomparisons help us understand the response of the models
to external forcing, perturbations, and variations in their projections as a result of
the model’s ability to capture complex coupling between the various components
of the model and its expression as natural variability. International model
intercomparisons are designed to extract these features from the models, to
identify model sensitivities and to generate enough ensembles to provide a
reasonable sample size to address projection uncertainties that are discussed in
detail in Chapter 7.

Atmosphere and ocean processes represent a continuum of scales spanning at
least ten orders of magnitude. Figure 2.4 shows the interplay between resolution
and the processes that can be represented across various temporal and spatial scales
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for some of the major ocean and Earth processes important to climate analyses.
Figure 2.4 also shows the approximate range of spatial and temporal scales that can
be accounted for with different resolution climate models run at 2-, 1-, or 0.25-
degree atmospheric resolution.

Higher spatial resolutions in climate models improves the models’ ability to
resolve a number physical biological and oceanic processes. For example, studies
(e.g., Zobel et al. 2018) have shown that local precipitation patterns are much
better represented at the finer resolution. Figure 2.5 illustrates how model ability
to resolve precipitation improves significantly from using a horizontal grid
spacing of 100 km (similar to most current GCMs) to a grid spacing of 25 km
(the finest resolution being used currently). Increasing spatial resolution also
improves models’ ability to simulate large-scale circulation features such as the
jet stream, which has important effects on the treatment of atmospheric rivers and
associated heavy precipitation. As computers become more powerful, even
higher resolution will be possible, perhaps down to the few-kilometer level
necessary to resolve clouds.

A significant constraint on running a complex GCM at high resolution is the
computational cost. Models usually run on some of the most powerful
supercomputers in the world, the costs include not only the runtime, but also

Figure 2.4 Time and space overlapping scales of some of the major ocean and
Earth processes important to climate analyses. The chart defines the required
resolution and sampling interval needed to capture the features of interest. The
x-axis represents the spatial scale and the y-axis represents the timescale of the
process.
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the infrastructure necessary for storing the large datasets produced by running the
model, currently on the order of petabytes. Over the last decade, primarily thanks
to improvements in computational ability, there has been a rapid increase in the
horizontal and vertical resolution of climate models. The atmosphere, oceans, and
land processes are all being treated with ever finer resolutions, currently as fine as
0.25� (~25 km/15 miles) horizontal resolution in the atmosphere and 0.1� (~10 km/
6 miles) in the ocean. The refined and often more sophisticated grids being used in
the ocean and atmosphere models are aimed at making optimal use of today’s
computer architectures.

2.5 Evaluating Climate Models Using Past Climate

Scientists have been collecting data on climate for many decades, including
Antarctic ice cores, tree rings, coral, and boreholes in soils and ocean sediments,
to determine what the Earth’s climate was like in the past. From this research
they have discovered details about past human activity, temperature changes in
our oceans, periods of extreme drought, and much more. Despite their
complexity, GCMs are now being run on today’s supercomputers for extended
simulated time periods, sometimes for thousands of model years in the past and
for projections of several hundred model years into the future. Climate models

Figure 2.5 Current GCMs typically operate at coarser horizontal spatial scales on
the order of 50–300 km, while extremely high resolution runs with climate models
are now reaching even finer resolutions, on the order of 10–50 km. This figure
compares annual average precipitation (in millimeters) for the historical period
1979–2008 using (a) a resolution of 250 km with (b) a resolution of 25 km to
illustrate the importance of spatial scale in resolving key topographical features,
particularly along the coasts and in mountainous areas. In this case, both simula-
tions are by GFDL HiRAM (the Geophysical Fluid Dynamics Laboratory High
Resolution Atmospheric Model), an experimental high-resolution model.
Source: Hayhoe et al. (2017) adapted from Dixon et al. (2016)
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can be evaluated using data from these past periods to understand those past
changes and the processes that can lead to climate change. Although significant
uncertainties remain in the reconstructions of past climate variables from proxy
records and forcings and in understanding the forcing driving those past changes
in climate, paleoclimate information from the Mid Holocene, Last Glacial
Maximum, and Last Millennium have been useful in testing GCMs and their
ability to simulate the magnitude and large-scale patterns of past changes. These
simulations also establish a baseline for studying future change and build
confidence in the projections of how the climate will function under very
different conditions from today.

The first type of simulation done by any global climate model is a “control
simulation,” where initial conditions are typically set to match those experienced
in a time before the Industrial Revolution, and the model is run for several
thousand years to allow the different components of the climate system,
particularly the ocean, to come into balance with each other. Once a control
simulation has reached equilibrium, it can then be used to initialize a transient or
time-sensitive historical simulation that aims to reproduce the observed influence
of human and natural factors on climate over that time. Historical simulations are
initialized in a past year, typically 1850. This is considered the preindustrial
revolution period and before extensive use of fossil fuels and the rapid increase
of CO2 in the atmosphere. They are then run with prescribed forcings (scientists’
best estimate of what really happened in that year) for each year until 2005 (in
CMIP5 simulations) or 2014 (in CMIP6 simulations). The large archive of GCM
simulations results and the process used to create this archive for CMIP5 and
CMIP6 is described in detail in Section 2.6. These prescribed forcings are both
natural (changes in solar irradiance, volcanic eruptions) and human-related
(emissions and concentrations of greenhouse gases and aerosols, plus effects
from land use/cover change) (IPCC 2013).

Unlike weather forecasts, historical climate simulations are not periodically
adjusted with updated information about the state of the climate to improve the
forecast – they are initialized for a historical year, then constrained only by the
prescribed forcing from then on. Owing to uncertainties in model formulation
and observations of the initial state of the climate system (which, in 1850, were
quite uncertain), any individual simulation represents only one of the possible
pathways the climate system might follow. This is because of the sensitivity of
natural variability in the climate system, including the timing of quasi-periodic
(and quasi-chaotic) natural cycles, such as El Nino and the Pacific Decadal
Oscillation, to initial conditions. As a result, historical simulations are not
designed (or expected) to reproduce the observed sequence of weather and
climate events during the twentieth century. In that sense, they are best viewed
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as an alternative planet, with the same factors influencing climate as ours, but
with its own patterns of natural variability and weather. However, these
simulations are designed to reproduce observed multi-decadal climate statistics,
such as averages. And they can be used to study specific events in the
observational record.

GCMs are also extensively tested relative to modern observations, and many
studies have demonstrated they are able to reproduce the key features found in the
climate of the past century and contribute to scientific understanding of observed
trends. One example of a recent event that GCM simulations were useful in
understanding was the observed increase in global temperature for the fifteen years
following the 1997–8 ENSO event, which was smaller than the underlying long-
term increasing trend over thirty-year climate time scales (Fyfe et al. 2016). The
increase in the heat content of the entire climate system continued apace (Benestad
2017), but the proportion of heat going into the atmosphere was smaller than
average. Variations in the rate of warming over relatively short timescales of a
decade or two are expected due to long-term internal variability in the climate
system, including changes in the exchange of heat between the atmosphere and
ocean, or short-term changes in climate forcings such as aerosols or solar
irradiance. However, the temporary slowing in the rate of global temperature
increase over this time was wrongly used by some to cast doubt on the accuracy of
climate projections from CMIP5 models, since the measured rate of warming in all
surface and tropospheric temperature datasets from 2000 to 2014 was less than
expected given the results of the CMIP3 and CMIP5 historical climate simulations
(Fyfe et al. 2016; Santer et al. 2017).

In fact, GCM simulations helped scientists determine that it is very likely that
the early 2000s slowdown was caused by a combination of short-term variations
in forcing and the exchange of heat between the ocean the atmosphere, the same
factors that were known in advance, though the relative contribution of each is
still an area of active research (e.g., Trenberth 2015; Fyfe et al. 2016; Meehl et al.
2016). The temporary slowing soon ended, though, with 2016 currently being the
warmest year on record, and 2015 and 2017 the second and third, respectively.
These more recent warm years brought the observed temperature trends the long-
term thirty-year trends into strong agreement with the CMIP5 model results, as
shown in Figure 2.6. A second important point illustrated by Figure 2.6 is the
broad overall agreement between observations and models on a timescale of a
century, which is robust to the shorter-term variations in trends in the past decade
or so. Continued global warming and the frequent setting of new high global
mean temperature records or near records is consistent with expectations based
on model projections of continued human forcing driving long-term increases in
global temperature.
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What will happen in the future? Future scenarios are discussed in more detail
in Chapter 7, but for context, projected changes in globally averaged temperature
for a range of future pathways that vary from assuming strong continued
dependence on fossil fuels to rapid reduction and eventual elimination of heat-
trapping gas emissions before the end of the century were estimated by the
CMIP5 models. Global surface temperature increases for the end of the twenty-
first century are very likely to exceed 1.5 �C relative to the 1850–1900 average
for all projections, with the exception of the lowest part of the uncertainty range
for the lowest scenarios (IPCC 2013; Peters et al. 2013; Knutti et al. 2016;
Schellnhuber et al. 2016).

2.6 Archives of GCM Simulations

GCMs are formally compared with each other and with observations as part of a
periodic assessment and archiving of GCM simulations known as the Coupled Model

Figure 2.6 Comparison of global mean temperature anomalies (�F) from observa-
tions (through 2016) and the CMIP5 multi-model ensemble (through 2016), using
the reference period 1901–1960. The CMIP5 multi-model ensemble (dark-gray
range) is constructed from blended surface temperature (ocean regions) and
surface air temperature (land regions) data from the models, masked where
observations are not available in the GISTEMP dataset. The importance of using
blended model data is shown in Richardson et al. (2016). The thick solid-gray
curve is the model ensemble mean, formed from the ensemble across thirty-six
models of the individual model ensemble means. The shaded region shows the
+/� two standard deviation range of the individual ensemble member annual
means from the thirty-six CMIP5 models. The dashed lines show the range from
maximum to minimum values for each year among these ensemble members. The
sources for the three observational indices are: HadCRUT4.5 (red); NOAA
(black); and GISTEMP (blue). (NOAA and HadCRUT4 downloaded on Feb. 15,
2017; GISTEMP downloaded on Feb. 10, 2017).
Sources: USGCRP (2017) and adapted from Knutson et al. (2016)
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Intercomparison Project (CMIP), which occurs under the auspices of the World
Climate Research Programme. The aim of CMIP is to better understand past, present,
and future climate changes arising from natural, unforced variability or in response to
changes in radiative forcing in a multi-model context. This understanding includes
assessments of model performance during the historical period and quantifications of
the causes of the spread or uncertainty in future projections.

The first source of uncertainty in GCM simulations is parametric, introduced
when GCMs require parameterizations to simulate processes that occur on
spatial or temporal scales smaller than they can resolve, such as precipitation and
cloud formation. The second type of modeling uncertainty is structural. This
addresses the extent to which the global model includes – and accurately
represents – important physical processes occurring on scales they can resolve.
Structural uncertainty can arise because a process is not yet recognized, or
because it is known but not yet understood well enough to be modeled
accurately. As discussed previously, improving structural uncertainty is a key
aspect of model improvement, as more processes and factors are added to GCMs
and evaluated with each successive generation. Structural and parametric
uncertainty in global model simulations, as well as other important sources of
uncertainty including natural variability and human choices, are discussed in
more detail in Chapter 7.

To further characterize these sources of uncertainty, CMIP also uses idealized
experiments to increase understanding of the model responses. In addition to the
long-time-scale responses discussed, numerical experiments are performed to
investigate the predictability of the climate system on various time and space scales
and making predictions from observed climate states. Initializing the models with
the observed climate state, instead of 1850 for example, should provide model
outputs that are similar to our current observed climate state at a much higher time
scales than as an average over a climate epoch.

An important goal of CMIP is to make the multi-model output publicly available
in a standardized format. To that end, CMIP periodically archives output from
GCMs. Many of the archived simulations are idealized experiments or
reconstructions of the distant past, useful mainly to scientists. The simulations
most relevant to real-world applications are: (1) the historical total-forcing
simulations that represent each modeling group’s best attempt to reproduce
observed natural and human influences on climate from 1850 to the present day;
and (2) the future projections where simulations corresponding to a range of future
scenarios of human activities paint different pictures of what the world might look
like, depending largely on the choices humans make today and in the near future
(see Chapter 7 for more details).
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Box 2.2
Can We Trust Climate Models?

Scientists use a wide range of observational and computational tools to understand the
complexity of the Earth’s climate system and to study how that system responds to external
forcings, including human activities. Climate models are just one of those tools – yet often
they are singled out as if they were the sole basis for the state of understanding climate
change. Some express distrust of climate models – suggesting models are “no good” or
“too uncertain.” But is that distrust warranted? The answer is: No.

Climate models have proven remarkably accurate in forecasting and evaluating the
climate change we have experienced to date. It is true that scientific understanding of
physics, chemistry, and biology is incomplete, and the models necessarily incorporate
those uncertainties. In some cases, model analyses have been overly conservative: for
example, in projecting how quickly Arctic sea ice would decline. Models also tend to
underestimate the observed increase in large precipitation events. In such cases, the
observations provide clues on how the representation of physical processes can be
further improved in the models. These models are the only tools we have with
significant predictive capacity – and although not perfect, they are very useful tools and
provide us with substantial insights into future climate.

Because models differ in their representation of certain processes, scientists make
use of these differences by examining ensembles of model runs and suites of models in
climate assessments. However, despite the tremendous improvements in the climate
modeling capabilities since the first GCM-based study of climate change was done
over forty years ago (Manabe and Wetherald 1975), it is interesting to note that the
most significant simulated response of the climate system to human activities – a
substantial increase in average global temperature – continues to be about the same as
forecast by the original GCMs decades ago.

CMIP phase three (CMIP3) ran from 2005 to 2006 (Meehl et al. 2007) and
provided output for more than a dozen climate models for the historical total-
forcing simulations (to 2000) and a range of future simulations known as SRES
(Special Report on Emission Scenarios; Nakicenovic et al. 2000). The simulations
archived by this dataset were used in the fourth IPCC assessment report (AR4;
IPCC 2007) and in the second and third US National Climate Assessments.

CMIP5, which ran from 2008 to 2012, created an even more extensive archive
of simulations based on output from over fifty GCMs. The average horizontal
spatial resolution in CMIP5 was much higher than CMIP3, ranging from about
50 to 300 km (30–200 miles) vertical spatial resolution of hundreds of meters in
the troposphere or lower atmosphere. It also conducted a more detailed comparison
of climate models with each other and with observations (Taylor et al. 2012). It
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provided output for the historical total-forcing simulations (to 2005) and a range of
future scenarios known as RCPs (Representative Concentration Pathways; Moss
et al. 2010). Simulations from CMIP5 were used in the fifth IPCC assessment
report (AR5) and in the fourth US National Climate Assessment (USGCRP 2017).

It is important to note that, increasingly, modeling groups provide output from
ensembles: multiple simulations of the same scenario, each one run with slightly
different initial conditions. Using ensembles from a single model or multiple
models increases the statistical sample and helps both scientists and users to
encompass the range of variability in weather statistics, particularly over shorter
time scales; using a multi-model ensemble additionally helps to account for
uncertainty in model formulations. As mentioned in Section 2.3 and in more detail
in Chapter 7, it is well recognized in the science community that ensembles allow
for better understanding of the role of natural variability in studies to understand
the potential magnitude of climate change.

The newest international model intercomparison, CMIP6, began in 2018. It
currently provides simulations from twenty GCMs and is expected to reach
approximately fifty models when all the simulations are archived. Major differences
from CMIP5 include even more GCMs; an additional increase in the average spatial
resolution of the models; and, as discussed in Section 2.3, a significant expansion in
the types of physical processes included in the models. As with earlier phases, most
CMIP6 simulations are relevant only to scientific analyses; however, as with earlier
phases, CMIP6 also archives historical total-forcing simulations (to 2014) and a
range of future scenarios known as SSPs (Shared Socioeconomic Pathways) that
correspond to the RCPs used in CMIP5 in terms of their influence on climate, but
include a host of other socioeconomic data to accompany them that allows for better
quantification of both drivers and impacts of climate today.

All three archives, CMIP3, CMIP5, and CMIP6, are maintained and made
available through the Program for Climate Model Diagnosis and Intercomparison
(PCMDI) at Lawrence Livermore National Laboratory (https://pcmdi.llnl.gov).

Box 2.3
Weighting Global Climate Model Results: A Case Study

Anyone who works with GCMs knows that some models are better than others – but
the question is where, and at what? Some models are more successful than others at
replicating observed climate and trends over the past century; some, at simulating the
large-scale dynamical features responsible for creating or affecting the average climate
conditions over a certain region, such as the Arctic or the Caribbean (e.g., Wang et al.
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Box 2.3 (cont.)

2007; 2014a; Ryu and Hayhoe 2013); others, at simulating past climates with very
different states than present day (Braconnot et al. 2012).

These differences have led to discussions of whether the different climate models
used in national and international assessments of climate change should be weighted,
based on how well the models represent observations. Until the fourth US National
Climate Assessment (NCA4), previous assessments used a simple averaging of the
multi-model ensemble. That approach implicitly assumes each climate model is
independent of the others and of equal ability. Neither of these assumptions, however,
is entirely valid. Some models share many components with other models in the
CMIP5 archive, whereas others have been developed largely in isolation (Knutti et al.
2013; Sanderson et al. 2015). Also, some models are better than others at simulating
certain aspects or regions of the climate system but ranking a specific model’s
performance often depends on the variable or metric being considered in the analysis.
Some models perform better than others for certain regions or variables, but a
completely different result might be obtained if the models are applied to a different
variable or region. Therefore, ranking a specific model’s performance often depends on
the variable, metric, or region under consideration for the analysis. However, all
simulations of future climate do agree that both global and regional temperatures will
increase over this century in response to increasing emissions of greenhouse gases
from human activities.

In earlier studies on weighting, model weights were often based on historical
performance for a limited number of variables; however, it turns out such rankings,
based on historical performance, may not improve future projections (Knutti and
Sedláček 2013). For example, ranking GCMs based on their average biases in
temperature gives a very different result from when the same models are ranked based
on their ability to simulate observed temperature trends (Jun et al. 2008; Giorgi and
Coppola 2010). If GCMs are weighted in a way that does not accurately capture the
true uncertainty in regional change, the result can be less robust than an equally
weighted mean (Weigel et al. 2010). The intent of weighting is to increase the
robustness of projections, but by giving lesser weight to outliers a weighting scheme
could increase the risk of underestimating the range of uncertainty.

To address these challenges, NCA4 used a modified form of model weighting to
refine future climate change projections. In NCA4, model independence and selected
global and North American model-quality metrics were both considered in the
weighting parameters (Sanderson et al., 2017, building upon the earlier study by Knutti
et al. 2017). The weighting approach is unique, as it takes into account the extent to
which individual climate models share code as well as their relative abilities in
simulating North American climate, the focus of the study (again, a different set of
weights may be obtained for a different region). Understanding of model history,
together with the fingerprints of particular model biases, was used to identify model
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Box 2.3 (cont.)

pairs that are not independent. Thus, this approach considers both skill in the
climatological performance of models over North America, the region of interest, as
well as the interdependency of models arising from common parameterizations or
tuning practices. The weights, once computed, can be used to simply compute
weighted mean and significance information from an ensemble containing multiple
initial condition members from codependent models of varying skill.

Evaluation of this approach shows improved performance of the weighted ensemble
over the Arctic, a region where model-based trends often differ from observations, but
little change in global-scale temperature response and in other regions where modeled
and observed trends are similar. The choice of metric used to evaluate models has very
little effect on the independence weighting, and some moderate influence on the skill
weighting if only a small number of variables are used to assess model quality.
Because a large number of variables are combined to produce a comprehensive “skill
metric,” the metric is not highly sensitive to any single variable.
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