“... and [they] struck a Map
of the Empire whose size
was that of the Empire, and
which coincided point for
point with it"

— On Exactitude in Science, Jorge Luis Borges
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What is a climate model?

> Basic principles
> Different types

> Parametrization
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https.//en.wikipedia.org/wiki/Climate_model
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1. What is a climate model?
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Climate models ...

> Numerically simulate the evolution of
weather / climatological states

> The evolution is based on fundamental
principles of physics and chemistry

> Involves a conceptualisation of a part or
all of the earth’s atmosphere, ocean, land,
and ice

> Adding vegetation and human activities to

traditional climate models lead to an
“‘earth system model”

1. What is a climate model?

Schematic for Global
Atmospheric Model

[ Horizontal Grid (Latitude-Longitude)

| Vertical Grid (Height or Pressure)
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Climate models involve ...
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1. What is a climate model? — Basic principles
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Climate models types include ...

- Energy balance models
~ Predict earth’'s temperature as function
of planetary energy balance

- Intermediate complexity models
~ A wide variety of 1-D and 2-D models
which use simplified dynamics
~ Spectrum of models between simple
conceptual models and full blown 3D
models

- General circulation models
» 3d models of “fully coupled” or
‘coupled” ocean and atmosphere
models

1. What is a climate model? — Different types
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Parametrization

The neglect or simplification of parts of
the climate system in favour of
computational simplicity

Necessary because the climate system in
principle has infinite degrees of freedom

Can be of different types:

- |Ignoring certain features (e.g. clouds)

> Prescribing climatological averages

> Observation based: sea ice extent, sail
moisture, ...

They must be mutually consistent
~ E.g. Reflected longwave radiation and
absorbed solar radiation in clouds

1. What is a climate model? —» Parametrization



> Energy balance models

. > Zero dimensional
> One dimensional

> Box models
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Energy balance models ...

> Estimate the earth’'s temperature using
principles of balance of incoming and
outgoing energy

> Blackbody radiation and Stefan-
Boltzmann Law is fundamental to this
approach

- Can be simple (0D or 1D) or increasingly
complex (box models / coupled box
models)

» Provides important first insights into
planetary dynamics

2. Energy balance models

McGuffie, Climate Modelling Primer, 2005
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> We need:

> S:=solar constant, i.e. amount of
incoming energy from the Sun per unit
area, 1360 W m™

> R :=radius of the earth, 6371 x 10®m

> 0= Stefan-Boltzmann constant,

567x108Wm2K*
> a = planetary albedo, 0.3

> The equality:
> Incoming energy minus reflected
energy equals the energy re-radiated
back as a blackbody

2. Energy balance models — Zero dimensional

Total incoming energy per unit area =

Reflected energy per unit area » «

Re-radiated energy per unit area — OT;1

%(1—05)5:01’;‘

‘Te:254.54 K=-18.61°C ‘
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dT 1
C—= 4(1 alS—t,0T:

C := heat capacity of the Earth (primarily from oceans)
T .= infrared transmissivity of the atmosphere

2. Energy balance models — Zero dimensional

12
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- Sellers-Budyko model (1969)

» Energy balance per latitude

» Albedo is a step function of temperature
(which in turn is a function of latitude)

> Transport term = loss of heat from
warmer zones to bordering colder zones

- Emitted longwave radiation is a linear

S(p)1—ale))=k/|T(¢)-

~|

[+[A+BT(¢)

function of zonal temperature

2. Energy balance models — One dimensional

13
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2. Energy balance models — Box models
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Models of intermediate complexity

» Radiative convective models
> Statistical dynamical models
- CHMBER 2

% Outline

15
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T

Integration

A Conceptual Models

3. Models of intermediate complexity

Claussen et al.. (2002) Climate dynamics, 18(7), 579-586.

Processes

Detail of Description
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> Similar to EBMSs, but has vertical
stratification of atmosphere
» Single column, layered stratified

Incoming shortwave

atmosphere
-~ Each layer is approximated as a aor
b | ac kbOdy Radiative layer 2
fluxes for
each layer
. . @
> Convective adjustment .
» Rise of warm air = convection Convective
) . adjustment e
> Mixes the air across layers — et
influences temperature o
» Not modeled -> needs to be “adjusted” -
o ) o . . layer 18
> Radiative-convective equilibrium ISCmiaes fayer

~ Net loss/qgain of radiative energy is
balanced by vertical transport

3. Models of intermediate complexity — Radiative-convective models

McGuffie, Climate Modelling Primer, 2005
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Effective cloud top height (km)

1 | | |
0.0 0.2 0.4 0.6 0.8 1.0
Cloud cover fraction

Schneider (1972), J. Atmos. Sci., 29, 1413-1422

3. Models of intermediate complexity — Radiative-convective models
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> 2-D models
» Latitude (i.e., zones)
> Height
> Variables of interest
- Zonal averages of wind velocities,
temperature, and pressure
- Conserves momentum and energy

- Maintains continuity

» First step to model meridional transport
(Hadley cell, Polar cell, ...)

3. Models of intermediate complexity — Statistical dynamical models
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- u, v, w:=velocities in eastward (x), northward (y), and vertical (z) directions

» <. >:=zonally average quantities

A\

T :=temperature
-+ p=pressure
- Q= zonal diabatic heating, i.e. heating involving absorption of energy

> R :=ideal gas constant

v

C, := specific heat at constant pressure

A\

® := friction term

A\

f:= Corioli's parameter
> U =U-<u><p>=<p>/ (R <T>)

3. Models of intermediate complexity — Statistical dynamical models
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3. Models of intermediate complexity — Statistical dynamical models
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Oort and Peixdto, 1983 Lawrence Livermore 2-D SD model, MacCracken and Ghan, 1987

3. Models of intermediate complexity — Statistical dynamical models
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% Outline

General circulation models

> Methodological components
> Simulation components

> Challenges

23
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(b) One dimension
(height or depth):
a column of grid cells

(a) zero dimensions
(one point):
boxmodel

(€¢) Two horizontal dimensions
(+ one vertical dimension) = 3D:
a grid of columns

EEREEE

|

-y (d) 3D General Circulation Model:
j a grid of columns on a sphere
7

Fig. 4.1 Dimensions of models and grids. a Point or box model (no dimensions). b Single column
(one dimension in the vertical). ¢ Three dimensional (3D) model with nwo horizonral dimensions
and ene vertical dimension. d 3D grid on a sphere

4. General circulation models - Methodological components: Finite elements

Gettelman & Rood, 2016
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Fig. 4.2 An example of a variable resolution grid from the model for prediction across scales
(MPAS). The grid gets finer over the continental United States using a grid made up of hexagons.
Source http:/fearthsystemcog.org/projects/dcmip-2012/mpas

4. General circulation models - Methodological components: Finite elements

Gettelman & Rood, 2076

(@) zero dimensions (b) One dimension
(one point): (height or depth):
boxmodel
(c) Two horizontal dimensions
(+ one vertical dimension) = 3D:
a grid of columns

B EEiE
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Fig. 41 Dimensions of models and grids. a Point or box model (no dimensions). b Single column
(one dimension in the vertical). ¢ Three dimensional (3D) model with nwo horizontal dimensions
and one vertical dimension. d 3D grid on a sphere
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Fig. 4.3 Example of a model with different horizontal resolutions on a latitude and longitude grid
over the continental United States. Resolutions are a 2° latitude, b 1° latitude, ¢ 0.5° latitude, and
d 0.25° latitude. Elevation shown as a color

4. General circulation models - Methodological components: Finite elements

Gettelman & Rood, 2016
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nsions of models and grids. a Point or box model (no dimensions). b Single column
in the vertical). ¢ Three dimensional (3D) model with two horizontal dimensions
I dimension. d 3D grid on a sphere

of a variable resolution grid from the model for prediction across scales
finer over the continental United States using a grid made up of hexagons.
emcog.org/projects/demip-2012/mpas
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=

A

Atmosphere

Physical: water, cloud water, ozone
Kinetic Energy: winds (velocity)
Thermal Energy: temperature

Ocean

Physical: salinity, carbon
Kinetic Energy: currents

Thermal Energy: temperature /

Land
Physical: soil water, vegetation type,

carbon
Kinetic Energy: water flows /
Thermal Energy: temperature

Fig. 4.4 State of the system. Different grid columns for the atmosphere (red), ocean (blue) and
land (green) with description of contents. Also a grid box (purple) with a ‘state’ vector of
temperature (T), wind in 3 dimensions (U, V for horizontal wind and W for vertical wind) and the

mass fraction of compounds like water (X))

Atmosphere

Surface

Land

4. General circulation models - Methodological components: Processes

Gettelman & Rood, 2016
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A

Gettelman & Rood, 2016

Atmosphere Atmosphere
Physical: water, cloud water, ozone
Kinetic Energy: winds (velocity)

Thermal Energy: temperature . L Surface

ﬁ_ﬂ Land

(1) @ (3) (4) (5) j =
C ' ' il )

R

T
N
~

TS

A 15

]

B r legfe-- _
" =
* Calculate processes  « Estimate A I « Calculate grd columns fo the imosphere (red) ocean (biue) nd
. Je==b nts. Also a grid box (puurple) with a “state’ vector o
{Gﬂndensﬂtlﬂn, leaf column b v ph‘y’siﬂﬂl laws motion 1,V for harizi;nml win(ipan}(:'lv\’u3 for vertical wind) and the
growTh, chemical interactions * Couple with « Thermal (dynamics) )
reactions) {precipitation, other energy
* Heat input runoff) columns/ (radiation)
* Source/loss terms * Couple components * Include
processes {fluxes) saurcellass
+ Add to forcing
Fig. 4.5 Changing the state: one time step. Climate model calculations in a time step that change
the state of a model. I calculate processes, 2 estimate column interactions like precipitation, 3
couple with other columns and components, 4 calculate physical laws like radiation, 5 estimate
motions
4. General circulation models - Methodological components: Processes 28
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(5) Dynamical Core (motions)

(B,
oS
-

!
e

N

b

(4) Radiation: heat exchange )

e

(1) Physical Processes
(e.g., plant growth, condensation)
(3) Exchange
between land,
ocean, Chemical
atmosphere Transformations

(surface fluxes) ’

precipitation

Fig. 4.6 Marching forward in time within a climate model. Time step loop typical of a climate
model. Processes are calculated in a sequence at each time. ] Physical processes and chemical
transformations, 2 column interactions, 3 exchange between different components, 4 radiation and
heat exchange, 5 dynamics and motion

4. General circulation models - Methodological components: Time steps

Gettelman & Rood, 2016
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LA

Gettelman & Rood, 2016

(a) Calculate Processes (b) Apply radiation and
(clouds, precipitation) surface fluxes

\/

E 3

For each point on
a grid...

b

motions & exchange
between boxes

. 2 ‘
= b {C} Solve equations for

Fig. 5.7 General Circulation Model. Schematic of calculations in a time step in each grid box of a
General Circulation model, including. a Calculate processes, b Apply radiation and surface fluxes
and ¢ Calculate motions and exchanges between boxes

4. General circulation models — Simulation components: Atmosphere 30
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O\Nhere there is localized — | Warm, surface currents. |
exchange of water between
the surface and the deep —_— | Cold, botiom currents. |
ocean (convection ).

4. General circulation models — Simulation components: Ocean 31
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Gettelman & Rood, 2016

Precipitation
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4. General circulation models — Simulation components: Land 32
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Gettelman & Rood, 2016

Challenges in global circulation models

v

Atmosphere
> Unknown processes
> Feedbacks

> Ocean
> Less observations
> Small scale eddies
~ Long time scales; deep overturning

A4

Sea lce
> Less data onice thickness
> Sensitivity to atmospheric forcing

v

Land
> Albedo feedback
> Carbon feedback

4. General circulation models — Challenges 33
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“

What is a climate model?

> Basic principles
> Different types

> Parametrization

Models of intermediate complexity

> Radiative convective models
> Statistical dynamical models
- CHMBER2

% Outline

Energy balance models

> Zero dimensional
> One dimensional

> Box models

General circulation models

> Methodological components
> Simulation components

> Challenges

34
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