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Introduction

! Models: 
! Full model (i.e. full GCM, weather model), mainly for 

prediction 

! Simplified/idealized model (i.e. two-layer model, dry model, 
aqua-planet model...), for understanding 

      The climate system is too complex for the human brain to grasp 
with simple insight. No scientist managed to devise a page of 
equations that explained the global atmosphere's operations. With the 
coming of digital computers in the 1950s, a small American team set 
out to model the atmosphere as an array of thousands of numbers...
                                                   Adapted from Paul Edwards, A Vast Machine: Computer Models, 
Climate Data, and the Politics of Global Warming (Cambridge, MA: MIT Press, 2010).
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Introduction
! Governing equations: Given the initial condition

Integrate over time

1.5 Hydrostatic balance and its implications 11

equation. Hence the atmosphere is very close to a state of hydrostatic
balance, in which:

g~«. d.32,
This balance only breaks down for small scale phenomena, such as thunder-
storm updrafts and flow in the vicinity of very rugged mountain surfaces.
On scales greater than around 10 km, hydrostatic balance is usually valid.

The contrast between the vertical scale of the global atmosphere, which
can be taken as 7 - 10 km, and its horizontal scale, of around 6000 km, means
that the vertical component of velocity is very much smaller than either of the
horizontal components. The stable stratification of the atmosphere and the
rotation of the system further inhibit vertical motion. This means that several
terms involving w in the governing equations, such as the 2Qwcos(/> term
in the zonal momentum equation, Eq. (1.29a), can be neglected. The result
is the so-called 'primitive equation set', which is widely used for numerical
weather prediction and global circulation models. The primitive equations
on a spherical planet of radius a are set out in Table 1.2 for easy reference.
The quantity / = 2Q sin <j> is twice the component of the Earth's angular
velocity parallel to the local vertical, known as the 'Coriolis parameter'.

Table 1.2. The 'primitive' equations

Equations of motion:
du u du v du du uv . 1 dp ^ /Jt „„ x
^7 + T JT + ~ ^ + W1T + — tan ^ = /t> -£ + &u (1.33a)
dt a cos (pel ao(p dz a pa cos (pd A

dv u dv v dv dv u2 , _ 1 dp ^— + - — + - — + w— + — tan</> = -fu -£- + #-2, 1.33bot acoscpcA ad(p dz a paocp
Hydrostatic equation:

% = -Pg (1-34)

Equation of continuity:
1 du 1 d(vcos(j)) 1 d(pRw) =0

cU acos(/> d<j) pR dz
Thermodynamic equation:

d6 u d6 v d6 d6
^7 + 1^1 + -JI + vv— = J. 1.36
ot a cos (p dA ad(p dz
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The governing physical laws
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Fig. 1.2. A uniformly rotating frame of reference

Figure 1.2 illustrates the notation. u7 is the velocity in an inertial frame
and uR is the velocity in a rotating frame. From now on, the velocities and
derivatives without any such subscript will be assumed to refer to a frame
which is rotating with the solid Earth.

The second term on the right hand side of Eq. (1.26) is the centripetal
acceleration. Since it is the gradient of a scalar, it introduces no structural
change to the equation of motion; it can be absorbed into the definition
of gravitational potential. The centripetal acceleration makes a very small
correction to the gravitational acceleration, which is largest at the equator.

Thus, Newton's second law may be written:

du 1— + u V u = 2 f i x u - -Vp
dt p

(1.27)

This has now been written in terms of the Eulerian rate of change of velocity.
The first term on the left hand side arises from the rotation of the frame
of reference and is a most important term for global scale circulations. It
is sometimes called the 'Coriolis force'. Strictly, it should be regarded as
a 'pseudo-force', that is, a mental construct which is designed to make it
appear that Newton's second law is holding despite the rotation of the frame
of reference. Note that since the Coriolis force always acts at right angles to
the fluid motion, it can do no work. Acting in isolation from other forces,
it will cause parcel trajectories to be circular, with radius |u|/(2|ll|). Such
motion is termed 'inertial flow'.

1.2 Conservation of matter 5

quantity of heat

dQ = -Ldr (1.14)

is released when the mixing ratio is reduced by condensation, where L is the
latent heat of condensation. Thus if 10 mm of rain falls during a 24 hour
period, the release of latent heat amounts to 289 W m2, which is comparable
to the typical insolation per unit area.

An equation describing the evolution of the humidity mixing ratio is ana-
logous to the equation of conservation of energy. It is simply based on the
hypothesis that any change of the moisture content of an air parcel is due to
a rate of evaporation E into the parcel, or of condensation P taking water
vapour out of the parcel. Small amounts of water are created or destroyed by
chemical reactions, but these can generally be neglected. For our purposes,
it is often enough to suppose that any condensed water falls out of the air
immediately as rain, though some sophisticated models carry the suspended
liquid and solid water content of the air as separate variables. Then

-I+uVr = E-P. (1.15)
ct

The Lagrangian rate of change of water mixing ratio leads to an important
contribution to the heating rate:

S = -LJ^t=L(P-E). (1.16)

This term is frequently dominant in the Earth's atmosphere, particularly in
localized regions of persistent rainfall.

1.2 Conservation of matter
Consider some fixed volume of space V9 enclosed by a surface A. The mass
of air enclosed in this volume is:

m= f pdt. (1.17)
Jv

Any change in this mass must be accomplished by a flux of mass into or out
of the volume, so that

— / pdr = - f pu • nd^ = - / V • pudt, (1.18)
ct Jv JA JV

where the divergence theorem has been used. Since this must apply to any
arbitrary volume, the two integrands in the volume integrals must be equal,

u(x,y,z) u(i,j,k)
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Outline

! Introduction 
! A historical review of GCMs 
            from the numerical wether prediction, idealized model to full GCMs  

! Uncertainties of full GCMs  
! A hierarchy of GCMs 
! Some examples 
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A Historical review of GCMs 

coming of digital computer 
in 1940s-1950s

Before the emergence of digital computers

Numerical weather prediction (1945-1955)

Emergence and development of GCMs 
(1955-1965)

Credible Climate prediction (1965-1979)

Atmosphere-Ocean coupled model 
(1979-1988)

After 1988
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A Historical review of GCMs 

! Before the emergence of digital computers 
! Early in the 20th century, V. Bjerknes argued that weather forecasts 

can be calculated from the basic physics of the atmosphere. He 
developed a set of seven “primitive equations” of heat, air motion and 
moisture. 

! In 1922, L. Richardson, published a more complete numerical system 
of weather prediction 

! use simplified versions of Bjerknes’ “primitive equation”  

! divide up a territory into a grid of cells 

! solve the equation using finite difference solutions of PDE 

! with pencil and paper  
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A Historical review of GCMs 
! Numerical weather prediction 

! In 1946, soon after his computer ENIAC become operational, Von Neumann 
advocate of using computer for numerical weather prediction 

! Charney began the simplification of Richardson’s equation 

! By 1949, a channel model is developed 

! Meanwhile, upper air observation networks were built; observation data are 
available for the initial condition and comparison with model results 

! In 1950, first serious numerical weather simulation was completed 

! 2-dimensional, grid cell 

! cover North America, 270 points 700km apart 

! take 24 hr calculation for a 24 hour weather prediction 

! In May 1955, US weather Bureau began issuing real-time forecast in advance of 
weather; Dec. 1954, Univ of Stockholm delivered weather forecast to the Royal 
Swedish Air Force Weather Service 
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A Historical review of GCMs 

! From the weather forecasting models to the 
general circulation models of climate 

! Early weather forecasting models were regional, not global in scale 

! Weather and climate models are fundamentally different type of 
problem from forecasting 

! Weather prediction is essentially an “initial value” problem 

! Climate model is essentially a “boundary layer” problem 
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A Historical review of GCMs 

! The first true General Circulation Model: 

Norman Phillip’s classic experiments in 1955 

! Two-layer model 

! grid covered a cylinder (beta 
plane) in stead of a hemisphere 

! 17 x 16 in circumference 

! results show plausible jet stream 
and evolution of realistic-looking 
weather disturbance 
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A Historical review of GCMs 
! Launch of GCM projects 

! Smagorinsky, 1955: a general circulation model of the entire three-dimensional global 
atmosphere built directly from the primitive equations.

! 1958, Syukuro (Suki) Manabe joint the lab and built one of the most vigorous and 
long-lasting GCM development programs in the world. (More physical processes put 
into the model, e.g. an atmosphere with water vapor, CO2, ozone and rainfall...);

! 1965, a nine-level, 3-D atmospheric model was built. 

! In the 1950s, Mintz at UCLA, also launched a long-term GCM develop project. 

! Akio Arakawa, developed his scheme and parameterization for computing fluid flow 
! 1964, a two-layer GCM but including realistic geography 

! In 1964, another major effort got underway at National Center for Atmospheric Research 
(NCAR) in Boulder, Colorado under Warren Washington and yet another Tokyo University 
graduate, Akira Kasahara. 
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AGCM 
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A Historical review of GCMs 

! After 1988, the research front move from 
! atmospheric models to atmosphere-ocean coupled models 

! stable system to transient response to changes in condition 

! global planet variation to regional response 

! modelers work more closely, community models, multi-
model comparisons 
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A Historical review of GCMs 
! Now, “GCM”  

stood from the  

“General Circulation Model”  

to  

“Global Climate Model”  

or  

“Global Coupled Model” 
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A Historical review of GCMs 

coming of digital computer 
in 1940s-1950s

Before the emergence of digital computers

Numerical weather prediction (1945-1955)

Emergence and development of GCMs 
(1955-1965)

Credible Climate prediction (1965-1979)

Atmosphere-Ocean coupled model 
(1979-1988)

After 1988

awareness of green house 
effects from model simulation
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Uncertainties of full GCM 

! From the governing equations (physical laws) 

1.5 Hydrostatic balance and its implications 11

equation. Hence the atmosphere is very close to a state of hydrostatic
balance, in which:

g~«. d.32,
This balance only breaks down for small scale phenomena, such as thunder-
storm updrafts and flow in the vicinity of very rugged mountain surfaces.
On scales greater than around 10 km, hydrostatic balance is usually valid.

The contrast between the vertical scale of the global atmosphere, which
can be taken as 7 - 10 km, and its horizontal scale, of around 6000 km, means
that the vertical component of velocity is very much smaller than either of the
horizontal components. The stable stratification of the atmosphere and the
rotation of the system further inhibit vertical motion. This means that several
terms involving w in the governing equations, such as the 2Qwcos(/> term
in the zonal momentum equation, Eq. (1.29a), can be neglected. The result
is the so-called 'primitive equation set', which is widely used for numerical
weather prediction and global circulation models. The primitive equations
on a spherical planet of radius a are set out in Table 1.2 for easy reference.
The quantity / = 2Q sin <j> is twice the component of the Earth's angular
velocity parallel to the local vertical, known as the 'Coriolis parameter'.
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Hydrostatic equation:

% = -Pg (1-34)

Equation of continuity:
1 du 1 d(vcos(j)) 1 d(pRw) =0

cU acos(/> d<j) pR dz
Thermodynamic equation:

d6 u d6 v d6 d6
^7 + 1^1 + -JI + vv— = J. 1.36
ot a cos (p dA ad(p dz
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Fig. 1.2. A uniformly rotating frame of reference

Figure 1.2 illustrates the notation. u7 is the velocity in an inertial frame
and uR is the velocity in a rotating frame. From now on, the velocities and
derivatives without any such subscript will be assumed to refer to a frame
which is rotating with the solid Earth.

The second term on the right hand side of Eq. (1.26) is the centripetal
acceleration. Since it is the gradient of a scalar, it introduces no structural
change to the equation of motion; it can be absorbed into the definition
of gravitational potential. The centripetal acceleration makes a very small
correction to the gravitational acceleration, which is largest at the equator.

Thus, Newton's second law may be written:

du 1— + u V u = 2 f i x u - -Vp
dt p

(1.27)

This has now been written in terms of the Eulerian rate of change of velocity.
The first term on the left hand side arises from the rotation of the frame
of reference and is a most important term for global scale circulations. It
is sometimes called the 'Coriolis force'. Strictly, it should be regarded as
a 'pseudo-force', that is, a mental construct which is designed to make it
appear that Newton's second law is holding despite the rotation of the frame
of reference. Note that since the Coriolis force always acts at right angles to
the fluid motion, it can do no work. Acting in isolation from other forces,
it will cause parcel trajectories to be circular, with radius |u|/(2|ll|). Such
motion is termed 'inertial flow'.

1.2 Conservation of matter 5

quantity of heat

dQ = -Ldr (1.14)

is released when the mixing ratio is reduced by condensation, where L is the
latent heat of condensation. Thus if 10 mm of rain falls during a 24 hour
period, the release of latent heat amounts to 289 W m2, which is comparable
to the typical insolation per unit area.

An equation describing the evolution of the humidity mixing ratio is ana-
logous to the equation of conservation of energy. It is simply based on the
hypothesis that any change of the moisture content of an air parcel is due to
a rate of evaporation E into the parcel, or of condensation P taking water
vapour out of the parcel. Small amounts of water are created or destroyed by
chemical reactions, but these can generally be neglected. For our purposes,
it is often enough to suppose that any condensed water falls out of the air
immediately as rain, though some sophisticated models carry the suspended
liquid and solid water content of the air as separate variables. Then

-I+uVr = E-P. (1.15)
ct

The Lagrangian rate of change of water mixing ratio leads to an important
contribution to the heating rate:

S = -LJ^t=L(P-E). (1.16)

This term is frequently dominant in the Earth's atmosphere, particularly in
localized regions of persistent rainfall.

1.2 Conservation of matter
Consider some fixed volume of space V9 enclosed by a surface A. The mass
of air enclosed in this volume is:

m= f pdt. (1.17)
Jv

Any change in this mass must be accomplished by a flux of mass into or out
of the volume, so that

— / pdr = - f pu • nd^ = - / V • pudt, (1.18)
ct Jv JA JV

where the divergence theorem has been used. Since this must apply to any
arbitrary volume, the two integrands in the volume integrals must be equal,

Water budget equation:

#1
A deep understanding 

of these physical 
processes is lacking.
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Uncertainties of full GCM 

! From the governing equations to numerical simulations 
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is released when the mixing ratio is reduced by condensation, where L is the
latent heat of condensation. Thus if 10 mm of rain falls during a 24 hour
period, the release of latent heat amounts to 289 W m2, which is comparable
to the typical insolation per unit area.

An equation describing the evolution of the humidity mixing ratio is ana-
logous to the equation of conservation of energy. It is simply based on the
hypothesis that any change of the moisture content of an air parcel is due to
a rate of evaporation E into the parcel, or of condensation P taking water
vapour out of the parcel. Small amounts of water are created or destroyed by
chemical reactions, but these can generally be neglected. For our purposes,
it is often enough to suppose that any condensed water falls out of the air
immediately as rain, though some sophisticated models carry the suspended
liquid and solid water content of the air as separate variables. Then
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ct

The Lagrangian rate of change of water mixing ratio leads to an important
contribution to the heating rate:

S = -LJ^t=L(P-E). (1.16)

This term is frequently dominant in the Earth's atmosphere, particularly in
localized regions of persistent rainfall.

1.2 Conservation of matter
Consider some fixed volume of space V9 enclosed by a surface A. The mass
of air enclosed in this volume is:

m= f pdt. (1.17)
Jv

Any change in this mass must be accomplished by a flux of mass into or out
of the volume, so that

— / pdr = - f pu • nd^ = - / V • pudt, (1.18)
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where the divergence theorem has been used. Since this must apply to any
arbitrary volume, the two integrands in the volume integrals must be equal,

Water budget equation:

Parameterizations of 
the subgrid-scale 

processes, e.g. clouds 

#2

Model can only simulate 
fluid flow with space and 
time scales that greater 

than the model truncations.
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Uncertainties of full GCM 

! Model Inter-comparison Projects (e.g. AMIP, CMIP) 

The Atmospheric Model Inter-comparison Project (AMIP), initiated in 1989 under the 
auspices of the World Climate Research Programme, undertook the systematic 
validation, diagnosis, and intercomparison of the performance of atmospheric general 
circulation models.

! Taken AMIP I as an example
! all models were required to simulate the evolution of the climate during the decade 1979–88;

! under the observed monthly average temperature and sea ice and a common prescribed 
atmospheric CO2 concentration and solar constant;

! 31 modeling groups, representing virtually the entire inter- national atmospheric modeling 
community, had attended the project. 



授课教师：张洋 !18

Uncertainties of full GCM 

36 Vol. 80, No. 1, January 1999

FIG. 6. The zonally averaged distribution of selected variables simulated by the AMIP models (see appendix A) for DJF of 1979–
88 and that given by the ECMWF reanalysis for the same period (Gibson et al. 1997) (solid black line). (a) The sea level pressure,
with observed data from the ECMWF reanalysis; (b) the surface air temperature, with observed data as merged by Fiorino (1997)
from data of da Silva et al. (1994a), Jones (1988), and Schubert et al. (1992).

DJF 200 hpa zonal wind

Adapted from Gates et al, 1999
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Uncertainties of full GCM 

36 Vol. 80, No. 1, January 1999
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88 and that given by the ECMWF reanalysis for the same period (Gibson et al. 1997) (solid black line). (a) The sea level pressure,
with observed data from the ECMWF reanalysis; (b) the surface air temperature, with observed data as merged by Fiorino (1997)
from data of da Silva et al. (1994a), Jones (1988), and Schubert et al. (1992).
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FIG. 6. The zonally averaged distribution of selected variables simulated by the AMIP models (see appendix A) for DJF of 1979–
88 and that given by the ECMWF reanalysis for the same period (Gibson et al. 1997) (solid black line). (a) The sea level pressure,
with observed data from the ECMWF reanalysis; (b) the surface air temperature, with observed data as merged by Fiorino (1997)
from data of da Silva et al. (1994a), Jones (1988), and Schubert et al. (1992).
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FIG. 6. (Continued) (c) The zonal wind at 200 hPa, with observed data from the ECMWF reanalysis; (d) the net ocean surface heat
flux, with observational estimates from COADS (da Silva et al., 1994b). [See appendix A for model identification; UGAMP missing
in (b), RPN missing in (d).]
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FIG. 6. The zonally averaged distribution of selected variables simulated by the AMIP models (see appendix A) for DJF of 1979–
88 and that given by the ECMWF reanalysis for the same period (Gibson et al. 1997) (solid black line). (a) The sea level pressure,
with observed data from the ECMWF reanalysis; (b) the surface air temperature, with observed data as merged by Fiorino (1997)
from data of da Silva et al. (1994a), Jones (1988), and Schubert et al. (1992).
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Hemisphere than in the Northern Hemisphere. The
rmse’s of precipitation and of precipitation minus
evaporation are roughly the same in all seasons in both

hemispheres and represent a substantial fraction
of the globally averaged annual precipitation of
2.7 mm day−1 given by Xie and Arkin (1997). This

FIG. 7. (Continued) (c) Precipitation with observations from the NCEP database (Xie and Arkin 1997); (d) precipitation minus
evaporation over the ocean with observations from the NCEP data of Xie and Arkin (1997), and the COADS data for da Silva et al.
(1994c). [RPN missing in (a), (b), and (d).]

Adapted from Gates et al, 1999
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FIG. 6. The zonally averaged distribution of selected variables simulated by the AMIP models (see appendix A) for DJF of 1979–
88 and that given by the ECMWF reanalysis for the same period (Gibson et al. 1997) (solid black line). (a) The sea level pressure,
with observed data from the ECMWF reanalysis; (b) the surface air temperature, with observed data as merged by Fiorino (1997)
from data of da Silva et al. (1994a), Jones (1988), and Schubert et al. (1992).
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is a minimum in the autumn in both hemispheres. The
rmse of the OLR, on the other hand, shows relatively
little seasonal or hemispheric variation and may re-

flect the tuning of the models’ cloud radiative prop-
erties. This is in contrast to the distribution of total
cloudiness, which is notably larger in the Southern

FIG. 7. As in Fig. 6 except for the (a) the outgoing longwave radiation, with observations from the NCEP database (Gruber and
Krueger 1984); (b) total cloudiness with observations from ISCCP for 1983–90 (Rossow et al. 1991).
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considerable scatter among the models’ results in high
latitudes, some of which is likely due to differences
in the models’ methods of reduction to sea level and
differences in their orography. In addition to the maxi-
mum errors over Antarctica and Greenland, Fig. 1d
shows the ensemble mean sea level pressure to be too
high across the mid-Pacific and over the Mediterra-
nean Sea; this error is likely to be related to a north-
ward displacement of the westerlies. Similar results are
found in the other seasons (not shown).

The DJF average of the AMIP models’ ensemble
mean of the global distribution of the 200-hPa veloc-
ity potential is shown in Fig. 2a, along with the ob-
served distribution (Fig. 2b) taken from the ECMWF
reanalysis for 1979–88 (Gibson et al. 1997). Although
the model ensemble correctly positions the large-scale
maxima and minima over North Africa, South
America, and eastern Indonesia, it underestimates the
strength of the latter two and hence underestimates the
strength of the associated convergent flow in much of
the Southern Hemisphere. The ensemble standard de-
viation (Fig. 2c) and the ensemble mean error (Fig. 2d)

show that the principal intermodel disagreements oc-
cur in the Tropics and are likely to be a result of dif-
fering parameterizations of deep convection. Similar
results are found in the other seasons (not shown).

The average DJF global distribution of the AMIP
models’ ensemble mean of precipitation is shown in
Fig. 3a, together with the corresponding observed dis-
tribution (Fig. 3b) given by the National Centers for
Environmental Prediction (NCEP) data of Xie and
Arkin (1997). The ensemble standard deviation
(Fig. 3c) and the ensemble mean error (Fig. 3d) are also
shown. The models as a whole are seen to give a
broadly realistic distribution of precipitation, although
the models generally underestimate the observed DJF
precipitation in the equatorial zones, which are also the
regions of greatest disagreement among the models
themselves. The models also generally underestimate
the dryness in the subtropical dry zones, although this
and other apparent errors are relative to the accuracy
of the Xie and Arkin (1997) estimate of the observed
precipitation (see appendix C). As was the case for sea
level pressure, the ensemble precipitation distribution

FIG. 1. The geographical distribution of mean sea level pressure (hPa) in DJF of 1979–88 given by (a) the AMIP ensemble mean,
and (b) by data from the ECMWF reanalysis (Gibson et al. 1997) for 1979–88. (c) The standard deviation (hPa) of the model en-
semble, and (d) the error (ensemble mean minus observation; hPa).

Sea level pressure 
 in DJF

Gates et al, 1999
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reflects the continuing difficulty of both models and
observations in accurately estimating this component
of the hydrological cycle.

Also shown in Table 1 are the relative errors of the
ensemble means, as given by the ratio of the rmse to
the observed spatial standard deviations. By this mea-
sure the largest percent errors are found in the cloudi-
ness and 200-hPa temperature, for which the relative
seasonal errors can exceed 100%. The smallest percent
errors, on the other hand, are found in the surface air
temperature, as might have been anticipated.

The AMIP performance errors given in Figs. 1–10
and Table 1 replace the preliminary statistics given
earlier (Gates 1995), which were incomplete in some
respects and which did not use reanalysis for valida-
tion. It remains true, however, that the mean and rms
errors of the ensemble mean are smaller than those for
any individual model in the ensemble, in terms of lati-
tudinal and seasonal averages.

Considerable additional diagnosis and validation
of the AMIP models have been performed by the
AMIP diagnostic subprojects (see appendix B), by the

PCMDI staff, and by the modeling groups themselves.
This work has served to show the presence of impor-
tant systematic errors in the AMIP models’ simula-
tions of a wide variety of processes and regional
phenomena. A summary of many of these studies is
given in the Proceedings of the First International
AMIP Scientific Conference (Gates 1995), and a com-
prehensive collection of abstracts of AMIP-related
publications may be accessed on the Internet at
http://www-pcmdi.llnl.gov/amip/ABSTRACTS.

3. Validation of AMIP ensemble
variability

In addition to validation of the mean, attention should
be given to validation of the variability about the time
and/or space mean, since in some instances this is a more
important and revealing aspect of model performance
than the means themselves. To this end, we consider here
the AMIP models’ portrayal of both the seasonal cycle
and interannual variability of selected variables.

FIG. 8. (a) The latitude–pressure meridional section of the temperature (°C) given by the AMIP ensemble mean and (b) the ob-
served data from the ECMWF reanalysis (Gibson et al. 1997). (c) The standard deviation of the ensemble mean. (d) The ensemble
error. The pressure units are hPa.
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