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Organizational matters and grades
•

Class participation essential (read ahead, short presentations):
60% of grade

•

Final presentation: 40%

•

Suggested texts:
•

A. Gettelman and R. B. Rood, Demystifying Climate Models: A Users Guide
to Earth System Models, Springer (2016)

•

H. Goosse, Climate System Dynamics and Modeling, Cambridge UP (2015)

•

J. T. Kiehl and V. Ramanathan (eds.), Frontiers of Climate Modeling,
Cambridge UP (2006)

This course will enable you to…
•

Understand the history of climate modeling as the first
computational science, from the 1940s until now

•

Explain what components a climate model consists of

•

Critically evaluate climate simulations and judge which
of their aspects are more or less reliable

•

Appreciate what climate models still can’t do

•

See where the current frontiers in climate modeling lie

http://climate-dynamics.org/courses/ese-136-climate-models/

Please use the feedback form on the webpage

http://climate-dynamics.org/courses/ese-136-climate-models/

Climate and weather Modeling: The first computational
science: From Richardson’s (1922) dream…

U.S. Army

… to the ENIAC (1945 onward)

http://www.historyofinformation.com

The Princeton/IAS ENIAC Group in 1950

http://www.historyofinformation.com

The First Numerical Weather “Forecast” (1950):
North America only, 2D, 700 km resolution

“These integrations would not
have been possible without the
use of a high-speed largecapacity computing instrument.
We should like, therefore, to
express our warmest thanks to
the U.S.Armny Ordnance
Department....for having
generously given us the use of the
electronic computing machine
(The Eniac).”

While theirs was not a forecast yet, they saw a
path of getting there:
“It may be of interest to remark that the computation time for a 24-hour
forecast was about 24 hours, that is, we were just able to keep pace with the
weather. However, much of this time was consumed by manual and I.B.M.
oeprations, namely by the reading, printing, reproducing, sorting and interfiling
of punch cards. In the course of the four 24 hour forecasts about 100,000
standard I.B.M. punch cards were produced and 1,000,000 multiplications and
divisions were performed. (These figures double if one takes account of the
preliminary experimentation that was carried out.) With a larger capacity and
higher speed machine, such as is now being built at the Institute for Advanced
Study, the non-arithmetical operations will be eliminated and the arithmetical
operations performed more quickly. It is estimated that the total computation
time with a grid of twice the Eniac-grids density, will be about 1/2 hour, so that
one has reason to hope that RICHARDSON'S dream (1922) of advancing the
computation faster than the weather may soon be realized, at least for a twodimensional model. Actually we estimate on the basis of the experiences
acquired in the course of the Eniac calculations, that if a renewed systematic
effort with the Eniac were to be made, and with a thorough routinization of the
operations, a 24-hour prediction could be made on the Eniac in as little as 12
hours.”

The first “general circulation model” (GCM) followed
soon thereafter
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The general circulation of the atmosphere : a numerical experiment
By NORMAN A. PHILLIPS
The Institute for Advanced Study, Princeton, U.S.A.
(Manuscript received 17 October 1955)

SUMMARY

A long-period numerical forecast is made with a two-level quasi-geostrophic model, starting with an
atmosphere in relative rest. Both friction and non-adiabatic effects are included in the equations, the latter
as a linear function of latitude. Principal empirical elements in the experiment are the intensity of the heating,
the value of the vertical stability, and the type of frictional dissipation. The flow patterns which develop are
quite realistic, including a jet and zonal surface westerlies in middle latitudes, and the growth of a large
disturbance. The associated energy transformations are investigated, and demonstrate the important role
of the disturbance in the development of the zonal currents. The meridional circulation is also studied,
together with its contribution to the zonal momentum budgets of the lower and upper halves of the atmosphere. Truncation errors eventually put an end to the forecast by producing a large fictitious increase in
energy.

1.

INTRODUCTION

If directly reflected radiation is omitted from consideration, the atmospheric column
above each square metre of the earth's surface receives on the average about 200 joules
every second in the form of solar radiation. Estimates indicate that of this absorbed

assumptions, but also furnishing valuable experience in the numerical problems to be
encountered in making long-range predictions.
The experiment contains empirical elements in that the representation of certain
physical effects is based on meteorological experience with the actual atmosphere, rather
than being predicted from the fundamental laws of physics. Thus, the vertical stability
is assumed equal to that of the real atmosphere, the intensity of the heating and cooling
is determined from measurements of the mean non-adiabatic processes in the atmosphere, and the values of the friction coefficients are also empirical. A more complete
theory of the atmospheric motions will eventually explain these quantities also.

Phillips’ paper started with a list of questions (still a
good list of research topics!)
2. A Sl.JMMARY OF PRESENT KNOWLEDGE OF THE GENERAL CIRCULATION
Let us begin by listing some of the most striking features of the atmosphere, calling
for explanation, as known from observation. (In this initial attempt at a quantitative
prediction of the general circulation it is obviously wise to omit from consideration
phenomena which depend on longitudinal asymmetries in the surface of the earth or
represent seasonal fluctuations, realizing, however, that these also belong to the problem
of the general circulation).
1. The general increase of entropy (potential temperature) with height and the existence
of the stratosphere.
2. The magnitude of the poleward decrease of temperature in the troposphere, this
decrease being most rapid in middle latitudes. At the 500-mb level the equatorto-pole temperature difference is approximately 45°K in winter and 22°K in summer
(Hess 1948).
3. The distribution of mean zonal wind. At the surface there are easterly trade winds
in subtropical latitudes, westerlies in temperate latitudes, and weaker easterlies in
polar regions. The westerly component increases with height to the tropopause
level, in close agreement with the geostrophic requirement of the poleward tern·
perature decrease. In the equatorward part of those latitudes with westerly surface
winds (between 35° and 40°) this increase shows up in the presence of a 'jet' at
the level of the tropopause. The zonal wind speed in the climatological jet seems
to be about 50 m seC-1 in winter and 20 m seC1 in summer (Mintz 1954), although
individual jets may on occasion attain speeds twice as great (Palmen 1951).
4. The travelling cyclones and anticyclones which are a prominent feature of the flow
pattern in extratropical latitudes. These are usually associated with ' fronts,' charac·
terized by a cyclonic wind shift and sudden temperature change.
5. With the exception of an equatorward drift in the surface layers of the trade-wind
regions, any organized meridional circulation seems to be too small (less than
1 m seC 1) to appear clearly in the available wind statistics (Starr and White 1955).
The several estimates that have been made of the distribution of radiative heating
and cooling in the atmosphere all agree that if the atmosphere were in radiative equilibrium,
the temperature would decrease more rapidly with height in the troposphere, and the

The Weather Bureau starts a General Circulation
Research Section
•

First located in Maryland, then Washington, D.C.

•

Joseph Smagorinsky appointed head (1955)

•

This later became the Geophysical Fluid Dynamics Laboratory in
Princeton (1968), with Smagorinsky as director until 1983

•

Mission was to continue development of numerical models of the
atmosphere; Smagorinsky realized potential to simulate climate

The first 3D general circulation model was born
WEATHER BUREAU

DEPARTMENT OF COMMERCE

F, W. REICHELDERFER, Chief

LUTHER H. HODGES, Secretary

MONTHLY WEATHER REVIEW
JAMES E. CASKEY, JR., Ediror

Volume 91, Number 3

Washington, D.C.

MARCH 1963

GENERAL CIRCULATION EXPERIMENTS WITH THE PRIMITIVE
EQUATIONS
I. THE BASIC EXPERIMENT*
3. SMAGORINSKY
General Circulation Research Laboratory, U.S.Weather Bureau, Washington, D.C.
[Manuscript received October 5, 1962; revised January 18, 19631
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An extended period numerical integration of a baroclinic priniitive equation model has been made for the simulation and the study
of the dynamics of the atmosphere’s general circulation. The solution corresponding t o external gravitational propagation is filtered b y
requiring the vertically integrated divergence t o vanish identically. Thc vertical structure permits as dependent variables t h e horizontal
wind at two internal levels and a single temperature, wit8hthe static stability entering as a parameter.
The incoming radiation is a function of latitude only corresponding t o the annual mean, and the outgoing radiation is taken t o be a
V O L U M E 9 3 , N U M B E R 12
function of the local temperature. With the requirement for thermal equilibrium, the domain mean temperature is specified as a parameter.
The role of condensation is taken into account only as i t effectively reduces the static stability. All other external sources a n d sinks of
heat arc assumed t o balance each other locally, and are thus omitted. The kinematics are t h a t of a fluid on a sphere bounded by smooth
zonal walls a t the equator and a t approximately 64’ latitude. The dissipative sinks are provided by: (a) surface stresses proportional
through a drag coefficient t o the square of the surface wind which is suitably extrapolated from above, (b) internal convective stresses
proportional t o the vertical wind shear, and (c) lateral diffusion of momentum and heat through an exchange coefficient which depends on
the local horizontal rate of strain-a horizontal length scale entering as the governing parameter.
For a given specification of the parameters, a n iiitegration for 60 days has been made from initial conditions where random teniperature
disturbances have been superimposed on a zonally symmetric regime which is baroclinically unstable according t o linear theory. This
experiment not only displays the scale selective character of baroclinic instability, yielding zonal wave number 5 t o 6, b u t also predicts
a n index or energy cycle. The period of this cycle is 11 t o 12 days for the first 40 days of the experiment, then lengthening t o 17 days
while diminishing in amplitude during the latter part.
The resulting mean zonal velocity profile is in good qualitative agreement with observation, but too intense, presumably because the
effective static stability parameter is taken too large. Furthermore this profile
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poleward of the angular momentum maxiniuni and no more than 2 percent sub-geostrophic equatorward. The total zonal angular momer,t u m remains constant t o within 2 percent irrespective of the phase ofGeophysical
the index cycle.
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distribution which agrees quite well with observation. The pole\\ a r d transport is mainly accornplished by the large-scale eddies, whereas
the internal vertical flux is predominantly a transfer of the earth’s angular inomentum by the meridional circulation.
The poleward heat transport is primarily accomplished by a Hadley circulation at IOTVlatitudes b u t by the large-scale horizontal
eddies in mid-latitudes, where a Berrel circulation tends t o compensate through a n equatorward flux. This compensation at mid-latitudes
b y a n indirect meridional circulation is also quite evident in the potential-kinetic energy transformations. Comparison of the momentum
and heat transfer with observed data when available shows reasonably good quantitative agreement.
ABSTRACT
The lateral transfer of momentum and heat by the non-linear diffusion, which parametrically is supposed t o simulate the action of
motions of sub-grid scale, accounts for a significant portion of the total eddy transfer. Although no direct comparison with the correspondThe “primitive equations of motion” are adopted for this study. The nine levels of the model are distributed
ing transfer in the real atmosphere is available, intuitively our small-scale diffusion appears t o play too large a role.
so
as
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surface
boundary
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A diagnosis is made of the transformations among the baratropic
and baroclinic
parts
of the kinetic
energy
as as
wellwell
as the
mean transfer by ozone, carbon dioxide, and water vapor.
~~

~

”

-

DECEMBER 1965
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It solved the “primitive equations” of motion

Syukuro Manabe added a hydrologic cycle to the
GCM
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SIMULATEDCLIMATOLOGY OF A GENERALCIRCULATIONMODEL
WITH A HYDROLOGIC CYCLE
SYUKURO MANABE, JOSEPH SMAGORINSKY,

AND ROBERT F. STRICKLER

Geophysical Fluid Dynamics Laboratory, Environmental Science Services Administration, Washington, D.C.

Syukuro Manabe

ABSTRACT
A numerical experiment witha general circulation model with a simple hydrologic cycle is performed. The basic
framework of this model is identical with that adopted for the previous study [35] except for the incorporation of a
simplified hydrologic cycle which consists of the advectionof water vapor bylarge-scale motion, evaporation fromt.he
surface, precipitation, and a n artificial adjustment to simulate the process of moist convection. This adjustment is
performed only when the relative humidity reaches100 percent and the lapse rate exceeds the moist adiabatic lapse
rate. The radiative
flux is computed for the climatological distribution of water vapor instead of using the distribution calculated by the prognostic equation of water vapor. A completely wet surface without any heat capacity
is chosen as the.lower boundary. The initial conditions
consist of acompletely dry and isothermal atmosphere.
A state of quasi-equilibrium is obtained as a result of the time integration of 187 days. A preliminary analysis of
the result is performed for the 40-day period from 148th day to 187th day.
According to this analysis, the hemispheric mean of the rate of precipitation is about 1.06 m./yr. which is close
to the estimate of the annual mean rainfall obtained by Budyko [5]. I n t h e Tropics rainfall exceeds evaporation and
in the subtropics the latter exceeds the former in qualitative agreement with observation. The
difference betwcen
thcm, however, is too exaggerated, and an extremcly large export of water vapor from the dry subtropics into the
wetTropicsby
the meridionalcirculationtakesplace.
In the tropospherc,relativehumidityincreaseswith
dccreasing altitude. In the stratosphere it is very low except at the tropical tropopause, and thc mixing ratio of water
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The development of the first GCM led to the desire
to represent radiative transfer adequately
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Thermal Equilibrium of the Atmosphere with a Given Distribution
of Relative Humidity
SYUKUROMANABEANDRICHARDT. WETHERALD
Geophysical Fluid Dynamics Laboratory, ESSA, Washington, D. C.
(Manuscript received 2 November 1966)
ABSTRACT

Syukuro Manabe

Radiative convective equilibrium of the atmosphere with a given distribution of relative humidity is
computed as the asymptotic state of an initial value problem.
The results show that it takes almost twice as long to reach the state of radiative convective equilibrinm
for the atmosphere with a given distribution of relative humidity than for the atmosphere with a given
distribution of absolute humidity.
Also, the surface equilibrium temperature of the former is almost twice as sensitive to change of various
factors such as solar constant, CO 2 content, Oa content, and cloudiness, than that of the latter, due to the
adjustment of water vapor content to the temperature variation of the atmosphere.
According to our estimate, a doubling of the CO 2 content in the atmosphere has the effect of raising the
temperature of the atmosphere (whose relative humidity is fixed) by about 2C. Our model does not have the
extreme sensitivity of atmospheric temperature to changes of CO2 content which was adduced by Moller.

sorbers such as CO
and
0 than does that with a
1. Introduction
Out came all-time
classics of science that provided
the
first
fixed absolute humidity, in order to satisfy the condiThis study is a continuation of the previous study
In this study,
tion ofgreenhouse
radiative convective equilibrium.
quantitatively essentially
calculations
effect
of the thermal correct
equilibrium of
the atmosphere with of
a the
we will repeat the computation of radiative convective
2

convective adjustment

which was published in the

3,

Manabe’s GCM evolved, and they provided the first 3D
estimates of climate change in response to CO2 doubling

F

Richard Wetherald1 published arguably
the greatest climate-science paper of all time
in the Journal of the Atmospheric Sciences.
The authors essentially settled the debate on
whether carbon dioxide causes global warming, building a mathematically sound climate
model that was the first to yield physically
realistic results. Their work spawned both the
development of modern climate models and
the use of radiative forcing — a measure of the
alteration in Earth’s energy balance resulting
from human or natural changes — to understand historical causes of climate change.

of the warming effect of CO2 were subsequently made by the chemist Svante Arrhenius
in 1896 (ref. 3), and by the engineer Guy
Stewart Callendar in 1938 (ref. 4). But it was
only in the 1950s that measurements showed
atmospheric CO2 levels to be rising5, and that
the physics of ‘radiative transfer’ was beginning
to be understood. Radiative transfer quantifies
how solar radiation and the thermal infrared
spectrum emitted by Earth’s surface are scattered, absorbed and re-emitted by gases in the
atmosphere, and is fundamental to quantifying
the warming effect of greenhouse gases.

from earlier work7, divided the atmosphere
into multiple levels and redistributed energy
between them in the vertical dimension from
the surface, using a combination of radiation
and convection. The authors used their model
to estimate the warming that would occur if
CO2 levels doubled from 150 to 300 parts per
million (p.p.m.) and from 300 to 600 p.p.m.
From these results, they estimated that a
warming of about 2.3 °C would occur for a
doubling of CO2 — in good agreement with
modern estimates8.
In fact, Manabe and Wetherald’s paper was

Climate modeling took off from there, with more
models and model components emerging

1990s
Aerosols

1950s
Radiative
transfer

1980s
Changes to
cloud cover
1967
Water-vapour
changes

1975
Oceans and
sea ice

1980
Realistic
geography

Figure 1 | Some key developments in climate estimates and models. In the
1950s, improved knowledge of radiative transfer (which quantifies how solar
radiation and the infrared spectrum emitted by Earth’s surface interact with
gases in the atmosphere) allowed estimates of the warming effect of carbon
dioxide to be made, but these were not realistic. The first robust estimate
was published in 1967, when Manabe and Wetherald1 used a computational
model that included a realistic representation of how water-vapour

2000s
Dynamic
vegetation

2010s
Atmospheric
chemistry

distribution changes in a warming world. In 1975, the same authors
reported10 a more-sophisticated model that included the effects of oceans and
sea-ice cover. Climate models have since become increasingly complex. Some
milestones have included the incorporation of: realistic geography (rather
than a grossly simplified representation of land masses) in 1980; changes to
cloud cover in the mid-1980s; aerosols in the 1990s; the effects of dynamic
vegetation in the 2000s; and atmospheric chemistry in the 2010s.
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Forster, Nature, 2017

Growth of Climate Models

1990

1995

2001

2007

IPCC AR5

The world in an Earth system model today

IPCC AR5

The equations of motion are solved on a
computational grid; here, for the atmosphere
1990

1995

2001

2007

NASA MODIS

But smaller-scale processes (e.g., clouds) cannot
be explicitly resolved on computational grid

Global model:
~10-50 km resolution

Cloud scales: ~10-100 m

Subgrid-scale processes (e.g., clouds and turbulence) are
represented semi-empirically

Parameterizations of small-scale processes such as tropical low
clouds are the primary source of uncertainty in climate projections

h"p://eoimages.gsfc.nasa.gov

Stratocumulus: colder

Cumulus: warmer

We don’t know if we will get more low clouds (damped
global warming), or fewer low clouds (amplified warming)

For example, we know that temperatures have risen over the
past 150 years (essentially as predicted in the 1960s-1980s)
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But if we ask how much more warming we get, the
answer is highly uncertain
Allowable CO2 concentration for 2°C warming according to 29 climate models
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Adapted from Schneider et al., Nature Climate Change (2017)

The models’ inability to predict low clouds is also manifest in failure to
simulate present climate: E.g., no model simulates stratocumulus well
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Similar situation in ocean models

Goosse 2015

Or sea ice models

Goosse 2015

Land models are much more empirical (not all
governing equations are known)

Goosse 2015

Similarly for ocean biogeochemistry

Goosse 2015

Ice sheet models

Goosse 2015

