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The SimClimat software is an eduational software for limate simulations ([Risi, 2015℄). Through a user-

friendly interfae, it allows to run limate simulations at di�erent time sales. The results pertaining to global

surfae temperature, sea level, ie sheet extent and atmospheri omposition are displayed as urves and drawings.

The user an test the in�uene of various parameters in�uening the limate, suh as astronomial parameters or

the omposition of the atmosphere, and an plug or unplug some limate feedbaks.

SimClimat is omposed of a graphial interfae oupled to a physial limate model. This doumentation �rst

desribes the graphial interfae (setion 1) and then the physial model (setion 2). This doumentation also

presents how to implement the experimental method with SimClimat in a lassroom (setion 3). The physial

ontent and results of SimClimat are ompared to the "true" limate models used in the IPCC reports (setion 4).
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1 Graphial interfae

1.1 Supported platforms

SimClimat works on personal omputers with Windows and on smart-phones with Android or Ma-OS. The interfae

automatially adapts to the sreen.

1.2 Inputs

A simulation is de�ned by:

1. An initial state: initial values for temperature, CO2 onentration, sea level and ie sheet extent;

2. A duration: number of years of simulation;

3. A simulation name and its olor;

4. Parameters determining the behavior of the model during the simulation.

1.2.1 Initial state

In the interfae, the initial state an be hosen in the page following the home page (�gures 1,2). The possible

initial states are:

1. "Today's world": The temperature is 15.3°C, the CO2 onentration is 405 ppm,CO2 emissions are 8 GtC/year,

the sea level is 0 m.

2. "The pre-industrial world": The limati variables are those of the pre-industrial era: the temperature is 14.4

° C, the CO2 onentration is 280 ppm, the sea level of -0.2m , CO2 emissions are null.

3. "The �nal state of the previous simulation": This allows to ontinue the previous simulation.
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Figure 1: Sreenshot of the home page of SimClimat with Windows.

Figure 2: Sreenshot of the page where the intial state and the duration an be hosen, with Windows.

4. "The �nal state of a saved simulation": If a �nal state of a simulation has already been saved, it is possible

to start a simulation with this state. This allows to ontinue an earlier simulation.

1.2.2 Duration

The duration an be hosen in the same page as the initial state (�gures 1,2). It an be between 100 years and

10 million years. The deadline depends on the proesses that we wants to study. For example, to study urrent

global warming, durations of 100 to 500 years are reommended. To study the glaial-interglaial variations in

whih the ie sheets are at play, durations of tens to hundreds of thousands of years are reommended. To study

ontinental weathering, durations of several million years are reommended.

1.2.3 Color and name

In the interfae, the olor and name an be hosen in the seond page (�gure 3). They an still be modi�ed one

the simulation is launhed using the �urve� ion (�gure 5).
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Figure 3: Sreenshot of the page where the simulation name and olor an be hosen, withWindows.

1.2.4 Parameters

We an tune 3 kinds of parameters:

1. astronomial parameters (example in setion 3.2.3):

� Earth-Sun Distane

� Solar power

� Eentriity

� Obliquity

� Preession

2. CO2 onentration or emissions: we an hoose between 2 types of simulations:

� Set the CO2 onentration: The onentration is onstant throughout the simulation, whatever CO2

�uxes, and is hosen by the user (example in setion 3.2.1)..

� Set emissions: The onentration is alulated interatively by the model, aording to the soures or

sinks hosen by the user. Soures or sinks that the user an tune are:

� Anthropogeni emissions

� Volanism and oeani ridge ativity

� Continental alteration

� Biologial storage

3. limate feedbaks: Four types of limate feedbak are taken into aount and an be optionally tuned or

unplugged by the user:

� Albedo

� Oean

� Vegetation

� Water vapor

For eah parameter, we an show a small explanatory text and/or a shemati (example: �gure 4).

One the simulation is launhed, we an hek the value of all parameters using the �eye� ion, or modify

parameters with the �key� ion (�gure 6).
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Figure 4: Sreenshot of the page where parameters assoiated with the arbon yle an be hosen, on Windows.

Figure 5: Sreenshot of the page where results are displayed, on Windows.

1.3 Outputs

The model results are displayed in the interfae through urves and drawings or an be exported in di�erent formats.

1.3.1 Curves

Curves display:

1. The global, annual-mean temperature at the Earth's surfae, in °C

2. The CO2 onentration, in ppm

3. CO2 emissions, in Gt of Carbone per year (GtC/year)

4. The sea level
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Figure 6: Sreenshot of the page where results are displayed, when the �Edit simulations� ion is ativated, on

Windows.

5. The latitude of ie sheers, in ° of latitude

6. The global-mean planetary albedo, without unity.

The urves display time in x-axis, in year after JC, and the displayed variable in y-axis.

When superimposing several simulations, the urves are displayed in di�erent olors. The olor ode onneting

the olor to the simulation names is indiated in the key.

1.3.2 Drawings

Two types of drawings are displayed:

� an Earth, on whih we an see the ie-sheet extent; beware that this extent is very approximate.

� a tropial island, where you an see the sea level.

1.3.3 Export in .sv format

Simulation results may be downloaded as .sv numerial format, whih an then be opened as an Exell sheet. To

do so, lik on the �download� ion near the top-right orner (�gure 5).

1.4 Small user's guide

� Launh a �rst simulation: Clik on �New simulation�, then hose the input parameters (setion 1.2). Launh

the simulation by liking on the small orange arrow..

� Add another simulation: In the display page, lik on the �+� ion. Chose the new input parameters.

� Modi�y a simulation name and/or olor: In the display page, lik on the �Curves� ion. The simulation list

appears on the left. Clik on the �penil� ion to edit the name or to selet a new olor.

� Show the input parameters for a simulation: In the display page, lik on the �Curves� ion.. The simulation

list appears on the left. Clik on the �eye� to show all parameters.

� Modify the input parameters of an existing simulation: In the display page, lik on the �Curves� ion. The

simulation list appears on the left. Clik on the �Key� ion to ome bak to the page where input parameters

an be hosen. One the parameters are modi�ed, re-launh the simulation by liking on the small orange

arrow.
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Time period Pre-industrial Present-day Last Glaial

Maximum (-21 ka)

Temperature 14.5°C 15.5°C 10°C

CO2 280 ppm ppm 180 ppm

Sea level -0.2 m 0 m -130 m

Ie sheet latitude - 60° 45°

Planetary albedo - 0.33 -

Table 1: Table summarizing onstraints for pre-industrial, present-day and last glaial maximum time periods.

� Remove a simulation: In the display page, lik on the �Curves� ion. The simulation list appears on the left.

Clik on the �Trash� ion to remove the simulation.

� Continue the last simulation: In the display page, lik on the �+� ion. As initial state, hose �Final state of

the previous simulation�.

� Save a simulation to ontinue it later: In the display page, lik on the �disk� ion.

� Continue a saved simulation: As initial state, hose �Fianl state of a saved simulation�.

� Show this doumentation: lik on the �home� ion near the top-left orner of all pages.

2 The physial model of SimClimat

The physial model is based on a global-mean radiative equilibrium model (0 dimension) (setion 2.3). This radiative

equilibrium model is oupled to an extremely simple representation of the other omponents of the limate system:

oean, arbon yle, ie sheets (setion 2.4). The model uses physial relationships, as well as empirial relationships

whose parameters are adjusted to satisfy observational or theoretial onstraints (setion 2.1). The model is presently

oded in TypeSript.

2.1 Observational onstraints on the model

The physial model of SimClimat is based on physial equations. It di�ers from typial eduational animations

in whih results are pre-reorded. All alulations are done one the simulation is launhed, depending on the

parameters hosen by the user. An in�nity of simulations are possible.

However, SimClimat's physial model di�ers from "true" limate models (detailed in setion 4) to the extent

that many parameters in the equations have been adjusted so that the simulations yield realisti results. This

parameter adjustment is neessary beause the equations are very simpli�ed. The equations are very simpli�ed to

limit the alulation time, in order to get simulation results in a few seonds.

The parameters have been adjusted to satisfy the following observational onstraints:

� temperatures, CO2 onentration, ie sheet latitude, sea level, and albedo for pre-industrial, present-day and

last glaial maximum periods (Table 1);

� Extreme variations of orbital parameters indue temperature variations of the same order of magnitude as

glaial-interglaial variations (10°C);

� Currently, water vapor and CO2 respetively ontribute to 60% and 40% of the natural greenhouse e�et;

� The warming due to a doubling of CO2 is 2.2°C when onsidering the e�et of the water vapor but only of

1.2°C when negleting this feedbak ([Dufresne and Bony, 2008℄).

2.2 Temporal integration

The SimClimat model alulates the di�erent variables (temperature, CO2 onentration ...) as a funtion of time t
during the duration D of the simulation, starting from the initial state. The di�erent times t where the alulations
are made are separated by a time step dt. To limit the alulation time, the time step depends on the duration of

the simulation:
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Figure 7: Global radiative equilibrium model.

� if D ≤ 100 years, dt=0.25 years

� if D > 100 years, dt = (D0.7) ·1000.3/300. For example, dt ≃ 210 years for D = 1 million years, and dt ≃ 5283
years pour D = 100 million years.

2.3 Global radiative equilibrium model

At radiative equilibrium, the solar �ux that is absorbed by the Earth, Fin, equals the infra-red radiation emitted

by the Earth, Fout (�gure 7):

Fin = Fout

Fluxes Fin and Fout are expressed in W/m2
.

2.3.1 Absorbed solar �ux

Fin depends on the planetary albedo:

Fin = (1−A) · F
in

0

A is the Earth albedo, whih depends on the ie sheet extent. It is omputed as detailed in setion 2.4.

F
in

0 is the global-mean, annual-mean inoming solar �ux at the top of the atmosphere. Sine at any time, the

Sun lights up only a quarter of the Earth, we have F in
0 = S0

4 , where S0 = 1370W/m2
is the solar onstant.

2.3.2 Infrared radiation emitted by the Earth

Fout depends on temperature aording to Stefan-Boltzmann's law, and is modulated by the greenhouse e�et:

Fout = (1−G) · σ · T
4

where:

G is the greenhouse e�et: it is the fration of infrared radiation emitted by the Earth that is retained by the

greenhouse e�et and fails to esape to spae;

σ is Stefan-Boltzmann's onstant.

This relationship is illustrated for di�erent CO2 onentration in �gure 8.
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2.3.3 Equilibrium temperature

We alulate Teq(t) at eah time step t, assuming radiative balane:

Teq(t) =

(

(1−A(t)) · F
in

0

(1−G(t)) · σ

)1/4

Graphially, Teq orresponds to the intersetion point T between Fin(T ) and Fout(T ) urves (�gure 8).
The temperature T (t) simulated by SimClimat follows the equilibrium temperature Teq, but with some delay to

represent the e�et of the thermal inertia of the oeans (setion 6.1).

2.4 Coupling the radiative equilibrium model with the other omponents

To alulate Teq, we need the albedo A and the greenhouse e�et G. It is from these variables that the radiative

model is oupled to the atmospheri omposition, to the arbon yle and to the ie sheets. All these oupled

omponents are represented in �gure 9.

2.4.1 Greenhouse e�et

The greenhouse e�et G is deomposed into two omponents: the greenhouse e�et assoiated with CO2 (Gserre
CO2

)

and that assoiated with water vapor (Gserre
H2O

) (setion 6.2.1).

� The greenhouse e�et assoiated with the water vapor is alulated aording to the water vapor onentration

RH2O (setion 6.2.3), whih is alulated as a funtion of temperature (setion 6.2.4).

� The greenhouse e�et assoiated with CO2 is alulated as a funtion of CO2 onentration (setion 6.2.2).

This onentration is alulated from CO2 soures and sinks (anthropogeni emissions, volanism, ontinental

alteration, biologial storage, storage by the oean) (setion 6.3). The CO2 solubility in the oean is a funtion

of temperature (6.3.2).
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2.4.2 Albedo

Albedo A is alulated as a funtion of ie sheet extent φg (setion 6.4.1). This extent is alulated as a funtion

of temperature and of the insolation at 65°N I (setion 6.4.2). This insolation is determined by astronomial and

orbital parameters.

2.4.3 Sea level

Sea levels depend both on temperature, through thermal expansion, and on ie sheet extent, whih ontrols the

available liquid water (setion 6.5).

3 Implementing the experimental method with SimClimat

3.1 Why do we need numerial modeling?

The study of limate hange is a speial sienti� �eld, where the lassial experimental method is not always

appliable. For example, we observe that for 150 years, the global temperature of the Earth has warmed by about

1°C. In parallel, the atmospheri onentration of CO2, a greenhouse gas emitted by human ativities, has inreased.

Is the temperature rise ause by the inrease in CO2 onentration? Or is it pure oinidene? To answer this

question aording to the lassial experimental method, one should dupliate our planet, make it go bak 150

years earlier, and let it evolve until now without emitting any CO2, and then aelerate the time to quikly get the

results. Impossible! Exept through numerial modeling. The goal of numerial modeling is preisely to be able to

reate as many Earth planets as one wants, submit them to the CO2 onentration one wants, go bak in time, or

aelerate the time... The experimental method is thus based on numerial experiments.

3.2 Implementing the experimental method with SimClimat: examples

3.2.1 Role of human ativities in the observed reent global warming

The experimental method begins as usual with an observation, a question and a hypothesis.

� Observation: We observe that the Earth has warmed by about 1°C during the past 150 years.

� Question: How an we explain this warming?

� Hypothesis : The global warming is mainly aused by the inrease in the onentration of greenhouse gases

emitted by human ativities, in partiular CO2 whose onentration has inreased from 280 ppm to 405 ppm

during the past 150 years.

In the ase of the experimental method with numerial modeling, some additional steps are neessary before arrying

out the experiments.

� Model hoie: The model must be based on general physial equations and not on the above-mentioned

observation or hypothesis. Otherwise, this is irular reasoning! In SimClimat's equations, nowhere is it

written that a 125 ppm inrease in CO2 onentration indues a 1°C inrease in global temperature. The

equations just �say� that the CO2 ats on the greenhouse e�et, and that the greenhouse e�et ats on the

planet's radiative balane and therefore on the global temperature, with a lot of possible feedbaks that an

modify the results (�gure 9).

� Control experiment : The ontrol experiment allows us to hek the realism of the model ompared to observa-

tions. Here, we perform a simulation starting from the pre-industrial era, lasting 250 years, with anthropogeni

emissions of 2.5 GtC/year that lead the CO2 onentration to inrease up to the present-day onentration.

� Model validation: We hek that at the end of the simulation, the temperature has inreased by 1°C, onsistent

with observations (�gure 10, red). Note that with SimClimat, we annot easily presribe time-evolving

anthropogeni CO2 emissions that would follow a realisti senario. In these simulations, only the start and

end of the simulation are analyzed.

Then the experimental method ontinues as usual with experiene, result and onlusion.
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� Sensitivity experiment : We run the same simulation as for ontrol, but the CO2 onentration remains

onstant.

� Result : We �nd that if the onentration of CO2 remains onstant, the overall temperature does not inrease

(�gure 10, blue).

� Conlusion: We onlude that the observed global warming is aused by the inrease in CO2 onentration.

3.2.2 Climate feedbaks at play in the reent global warming

We demonstrate in the previous setion that the global warming is aused mainly by the inrease in the CO2

onentration. Does CO2 at diretly on the greenhouse e�et? Or are there any amplifying feedbaks? We show

here how to implement the experimental method with SimClimat to quantify the role of the water vapor feedbak.

� Observation: The gas that ontributes most to the natural greenhouse e�et is water vapor.

� Question: Does water vapor play any role in global warming?

� Hypothesis : As the temperature inreases, the humidity in the atmosphere also inreases (aording to the

Clausius-Clapeyron relationship). In turn, the enhaned greenhouse e�et assoiated to the water vapor leads

to inreased temperature.

� Model hoie: SimClimat, whose representation of water vapor is based on physial equations.

� Control experiment : We run a 250-year simulation from the pre-industrial world to present-day, with an-

thropogeni emissions of 2.5 GtC/year that lead the CO2 onentration to inrease up to the present-day

onentration (�gure 10, red).

� Model validation: We hek that at the end of the simulation, the temperature has inreased by 1°C, onsistent

with observations.

� Sensitivity experiment : We run the same simulation as for the ontrol, but we "unplug" the water vapor

feedbak by keeping the water vapor onentration onstant.

� Result : We �nd that if the H2O onentration remains onstant, the overall temperature inreases less: 0.6°C

only instead of 1°C (�gure 10, green).

� Conlusion: We onlude that water vapor is involved in a positive feedbak that ontributes 40% to global

warming.

Similarly, the role of other limate feedbaks an be highlighted by SimClimat. For example, by unplugging the

surfae albedo feedbak, we an see that this feedbak is positive but remains rather weak at short time sales.

Finally, by unplugging the role of the oean or vegetation in the arbon yle, we an see that the inrease in

temperature is stronger. The onentration of CO2 also inreases faster. This shows that the oean and vegetation

partially mop up CO2 human emissions, by about half.

3.2.3 Mehanisms at play in glaial-interglaial variations

Glaial-interglaial variations are haraterized by large variations in temperature, in ie sheet extent, and in sea

level, whih an be observed in various paleolimate reords

([Masson-Delmotte and Chapellaz, 2002, Masson-Delmotte et al., 2015℄). 21,000 years ago, the Earth underwent

the last glaial maximum. The overall temperature was 5°C older, a polar ap overed all of Northern Europe, and

the sea level was 130 m lower. For 10,000 years, we have been in an interglaial period. There is an inter-glaial

period every 100,000 years (Figure 11).

Here we propose to implement the experimental method in three steps to understand what auses glaial-

interglaial variations.

Step 1: role of orbital parameters

� Observation: The time sales of temperature variations during inter-glaial variations are of the same order

of magnitude as those of orbital parameters: obliquity (about 40,000 years), preession (about 20,000 years),

eentriity (about 400,000 years).
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Figure 10: Sreenshot of the results for a pre-industrial simulation with onstant CO2 onentration (blue) and with

anthropogeni emissions that lead to the urrent CO2 onentration (red). The green simulation is idential to the

red one, exept that the water vapor feedbak has been "disonneted" by keeping the water vapor onentration

onstant. Note that for the CO2 onentration, the green urve is hiden by the red urve.
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Figure 11: Variations in temperature and CO2 onentration reorded in Vostok ie ore in Antartia.
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Figure 12: Sreenshot of the results of a pre-industrial ontrol simulation of 100,000 years (red), with minimal

obliquity (blue), with minimal obliquity and onstant albedo (green) and with minimal obliquity and the CO2

solubility in the oean that does not depend on temperature (purple). Note that in panels where the green and

purple urves are absent, they are atually hidden by the red urve.

� Question: Can variations in orbital parameters lead to temperature variations onsistent with those observed

during glaial-interglaial yles (i. e., 5°C)?

� Hypothesis : Yes. Let's take the obliquity as an example.

� Model hoie: SimClimat, in whih the e�et of orbital parameters is desribed by physial equations.

� Control experiment: A simulation of 100,000 years is arried out starting from the pre-industrial world, all

parameters being left at their default values. A su�iently long simulation is neessary so that the ie sheet

have time to reah equilibrium (�gure 12, red).

� Model validation: The temperature remains onstant at a value onsistent with the observed global tempera-

ture.

� Sensitivity experiment : The simulation is the same as the ontrol, but with the obliquity at its minimum value

(�gure 12, blue).

� Result : The temperature dereases by several °C. There is also a large inrease in the ie sheet extent, and a

derease in the sea level of the same order of magnitude as observed for the glaial period.

� Conlusion: We onlude that obliquity variations an lead to temperature variations onsistent with those

observed during glaial-interglaial yles.

The same approah an be applied to the other orbital parameters.

Step 2: role of summer insolation in polar regions

� Observation: When we modify the orbital parameters, we do not modify the global-mean, annual-mean

inoming solar energy. Orbital parameters only hange the distribution of inoming energy as a funtion of

latitude and season.

� Question: How an orbital parameters hange the global temperature?

� Hypothes is: By ating on the inoming energy in the polar regions in summer, the orbital parameters mod-

ulate ie sheet melting. In turn, the extent of polar ie sheets in�uenes the planetary albedo and thus its

temperature.
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� Model Choie: SimClimat.

� Control experiment : The previous 100,000 year-long experiment with minimal obliquity (�gure 12, blue).

� Model validation: The temperature dereases onsistently with a glaial period.

� Sensitivity experiment : The simulation is the same as the ontrol experiment, but the albedo feedbak is

�unplugged� by setting the albedo to a onstant, pre-industrial value (�gure 12, green).

� Result : The temperature remains onstant.

� Conlusion: We onlude that the modi�ation of the albedo is responsible for the modi�ation of the temper-

ature when the obliquity dereases. As the obliquity dereases, the sun's rays arrive more inlined in boreal

polar regions in summer. This prevents ie sheet melting, and thus promotes its extension. This inreases the

planetary albedo and therefore dereases the temperature.

The same mehanism applies to other orbital parameters. The obliquity is the easiest parameter to understand:

if the polar axis is more inlined, in boreal summer the sun rays hit more perpendiularly the Northern polar

regions. It favors the melting of the ie sheet. Preession ats on the season for whih the Earth is losest to the

sun. Presently, the Earth is losest to the sun in boreal winter. If, on the ontrary, the Earth is loser to the sun

in boreal summer, then the Northern polar ie sheet reeives more energy in summer, whih favors its melting.

Eentriity is the most omplex parameter beause its e�et depends on preession. For the present preession

where the Earth is furthest from the sun in boreal summer, if the orbit beomes more eentri, the Earth will be

even further away from the sun in summer. The Northern polar ie sheet will then reeive less energy in summer

whih favors its extension.

Note that what is important here is the energy reeived by the Northern polar ie sheet and not the Southern

polar ie sheet (i.e. Antartia). This is beause the Northern polar ie sheet is free to extend over Europe, Siberia,

North Ameria. On the ontrary, the Southern polar ie sheet is limited to the Antarti ontinent and an not

extend over the Southern Oean.

Step 3: Why does the CO2 onentration dereases during the glaial period?

Air bubbles trapped in ie ores show that hanges in CO2 onentration o-vary with temperature during

glaial-interglaial variations (Figure 11). Why?

� Observation: When the temperature dereases, the CO2 onentration dereases. At the last glaial maximum,

the CO2 onentration was 100 ppm lower while the global temperature was 5°C lower.

� Question: How an we explain this derease in CO2 onentration?

� Hypothesis : When the oeans are older, the CO2 solubilizes more easily.

� Model hoie: SimClimat.

� Control Experiene: The previous 100,000 year-long experiment with minimal obliquity (�gure 12, blue).

� Model validation: The CO2 onentration simulated by SimClimat dereases as temperature dereases, down

to values of the same order of magnitude as those observed for the last glaial maximum.

� Sensitivity experiment : The simulation is the same as the ontrol simulation, but the CO2 solubility is set to

a onstant value whatever the temperature (�gure 12, purple).

� Result : The CO2 onentration remains onstant. In addition, the ooling is redued.

� Conlusion: The older the oeans, the higher the CO2 solubility. A larger fration of the atmospheri CO2

is thus dissolved into the oean. Therefore the atmospheri CO2 onentration dereases. Sine CO2 is a

greenhouse gas, dereasing the atmospheri CO2 onentration ampli�es the ooling: it is a positive feedbak.
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Figure 13: Temperature evolution from 1950 to 2100 simulated by models partiipating in CMIP5. Until the early

2000s, the simulations are fored by observed onentrations of greenhouse gases and aerosols. Beyond, simulations

are fored aording to two types of senarios: optimisti (blue) or pessimisti (red). The olored envelopes represent

all the models, while the solid lines represent the multi-model mean.

4 Comparing SimClimat to limate models used in IPCC reports

4.1 What kind of models are used for limate projetions in IPCC reports?

Climate projetions (e. g. �gure 13) presented in IPCC (Intergovernmental Panel on Climate Change) reports are

based on simulations with di�erent limate models. There are around 40 limate models around the world, inluding

models in the United States, Japan, China, Frane, United Kingdom, Germany, Canada. They all perform the same

simulations as part of the Coupled Model Interomparison Projet (CMIP). All results are freely aessible on the

web. These results are used in IPCC reports. For example, the 5th IPCC report ([IPCC, 2013℄) used results from

CMIP5 ([Taylor et al., 2012℄).

4.2 How does a limate model work?

Climate models simulate the di�erent omponents of the limate system: the atmosphere, the oean, ontinental

surfaes, ie sheets (Figure 14, red frame). The atmospheri omponent of limate models numerially solves the

�uid mehanis equations on a 3D grid of the Earth's atmosphere (green frame). The size of grid boxes is about

100 km. Proesses smaller than grid boxes, suh as louds, rain or radiation, are represented by so-alled physial

parameterizations. For example, physial parameterizations alulate how muh water vapor is ondensed from the

water vapor in eah grid box, what proportion of this ondensed water preipitates to form rain, what proportion

of this rain evaporates when falling, in average in eah grid box.

4.3 Comparing the physial ontent

SimClimat has a muh simpler physial ontent than the limate models partiipating in CMIP (table 2), whih

allows it to be muh faster. It represents the atmosphere in a muh oarser way (0D instead of 3D), but ouples

more omponents, notably the ie sheets and the arbon yle. To this extent, it is rather analogous to a "model

Earth system" (�gure 14, purple frame). This allows SimClimat to represent limate hanges at geologial time

sales.
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Figure 14: Shemati illustrating the di�erent omponents of a limate model.

Models Climate model partiipating in

CMIP

SimClimat

Atmospheri grid dimension 3D 0D

Atmospheri and oeani

dynamis

yes no

Time steps a few seonds or minutes several years

Radiation and Earth radiative

balane

yes very simple

Cloud e�ets yes no

Carbon yle no yes

Ie sheets no yes

Unertainty estimate inter-model spread no

Computational time for 100 years several days less than a seond

Table 2: Table identifying the main di�erenes between limate models partiipating in CMIP and SimClimat's

physial model.
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4.4 Comparing limate projetions by SimClimat and limate models

SimClimat has been adjusted to realistially represent the present limate and last glaial maximum, and to provide

limate projetions similar to those of limate models partiipating in CMIP (setion 2.1). Consequently, for CO2

emissions that allow SimClimat to simulate CO2 onentration evolutions similar to those of the IPCC, projetions

in terms of temperature and sea level rise are similar (�gure 15).

4.5 Climate feedbaks involved in global warming

The inrease in the global temperature in response to a doubling of the atmospheri CO2 onentration an be

deomposed into the e�et of several proesses:

1. the greenhouse e�et diretly related to CO2;

2. water vapor feedbak: the warmer the atmosphere, the moister the atmosphere. Sine water vapor is a a

greenhouse gas, this leads to inrease the temperature;

3. ie albedo feedbak: as temperature inreases, ie melts more easily, so the Earth's albedo dereases, so the

Earth absorbs more solar radiation and therefore the temperature inreases even more.

4. Cloud feedbaks: These are very diverse and are not represented by SimClimat.

In limate models partiipating to CMIP, more than one-third of the simulated warming is aused by the diret

e�et of CO2. A small third is aused by the water vapor feedbak. The albedo feedbak aounts for only 5%

to 10% of the warming (Figure 16a). These proportions are reprodued by SimClimat (�gure 16). However,

SimClimat does not represent loud feedbaks, whih aount for nearly a quarter of global warming, but is subjet

to high unertainty ( �gure 16b).

4.6 Role of human ativities in urrent global warming

The setion 3.2.1 shows how to demonstrate with SimClimat the role of human ativities in the urrent global

warming. Climate models partiipating in CMIP an be used for the same purpose (�gure 17).

In the ontrol experiment, limate models are subjet to inreasing atmospheri onentrations in greenhouse

gases (CO2, but also CH4) observed over the past 150 years, as well as the observed variation in the onentration

of aerosols emitted by volanoes. The simulations reprodue well the observed warming as well as the inter-annual

variability related to the volani eruptions (�gure 17a).

In a seond experiment, limate models are subjet only to the observed variation in aerosol onentration, with

atmospheri onentrations of greenhouse gases remaining onstant. The models simulate a onstant temperature.

This proves that the warming observed for 150 years is indeed aused by the inrease in greenhouse gases.

5 Updates and known bugs

5.1 Updates in May 2024

� Updates on various platforms

� Fixed the bug that aused the alotte design to evolve in the wrong diretion.

� Added titles to preession diagrams.

� Correted spelling errors in Frenh

� Correted a bug where sea levels were moving in the wrong diretion in some simulations. To do this, we

modify the formula giving the fration of the oean stored as ie. Previously, it was a 3rd degree polynomial,

now it's a os * power funtion, to ensure monotoniity.

� Added ommand-line output to failitate debugging.

� Doumentation updated
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Figure 15: Comparison of projetions produed by SimClimat and by models partiipating in CMIP. The left

olumn presents the results shown in the 5th IPCC report ([IPCC, 2013℄). The right olumn shows sreenshots

of SimClimat. The urves show the evolution of the CO2 onentration aording to optimisti and pessimisti

senarios (above), the global temperature of the Earth (in the middle) and the sea level (at the bottom). For

SimClimat, the optimisti and pessimisti senarios were run with 1 GtC/year and 22 GtC/year anthropogeni

emissions.
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Figure 16: Comparison of limate feedbaks for a CO2 doubling simulated by SimClimat and by limate models

partiipating to CMIP. (a) Global warming and its ontributions simulated by limate models in average. (b)

Standard deviation of the di�erent ontributions to the warming simulated aross the di�erent limate models. ()

Evolution of the temperature simulated by SimClimat, with and without the di�erent feedbaks. The red urve

is a pre-industrial simulation, the blue urve is a simulation with double CO2 (560 ppm), the purple urve is a

simulation with double CO2 and onstant albedo, and the green urve is a simulation with double CO2 and onstant

water vapor onentration. Panels (a) and (b) are from [Dufresne and Bony, 2008℄.
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Global mean surface temperature anomaly
with respect to 1961−1990

Figure 17: (a) Evolution of the global-mean temperature sine 1900 for observations (blak), for models partiipating

in CMIP (yellow) and for the average between all CMIP models (red), when the greenhouse gas onentrations

inrease in the same way as in the observations. (b) Change in global temperature sine 1900 for observations

(blak), for models partiipating in CMIP (light blue) and for the average between all CMIP models (dark blue),

when the greenhouse gas onentration remain onstant. Figure from the 5th IPCC Report ([IPCC, 2013℄).

22



5.2 Known bugs in may 2024

� Bug during simulation extension: ap extension hanged abruptly when the simulation is extended.

6 Appendix: equation details for the physial model

6.1 Evolution of global temperature

The global-mean temperature T (t) is alulated by assuming that it is relaxed towards the global-mean temperature

at radiative equilibrium, Teq, with a time onstant τT = 100ans:

T (t) = T (t− dt) + (Teq(t)− T (t− dt))(1 − e
−dt/τT

)

Temperature Teq(t) is alulated in setion 2.3.3.

6.2 The greenhouse e�et

6.2.1 The two omponents of the greenhouse e�et

The greenhouse e�et G is de�ned here as the fration of infrared radiation emitted by the Earth that is retained

by the greenhouse e�et and fails to esape to spae. 1 −G represents the fration of infra-red energy emitted by

the Earth that esapes to spae.

We note G0 the referene greenhouse e�et, hosen at the pre-industrial time.

We assume that variations in the greenhouse e�et G are related to hanges in the atmospheri onentration

in water vapor and in CO2. We neglet the e�et of hanges in the onentration of other greenhouse gases suh as

CH4 or N2O, or we onsider them in terms of �CO2-equivalent�.

We have:

G = G0 +Gserre
H2O +Gserre

CO2

where Gserre
H2O

is the greenhouse e�et anomaly with respet to the referene related to the water vapor onen-

tration anomaly and Gserre
Co2

is that related to the CO2 onentration anomaly.

6.2.2 The greenhouse e�et related to CO2 as a funtion of CO2 onentration

Gserre
Co2

is alulated as a funtion of CO2 onentration: CO2(t). In the "usual" CO2 onentration range (be-

tween 100 and 10,000 ppm), we assume a logarithmi relationship between Gserre
Co2

and CO2(t) ([Myhre et al., 1998,

Pierrehumbert et al., 2006℄):

Gserre
Co2 = 1.8 · 10−2 · ln(

CO2(t)

COref
2

)

Around this range, a linear approximation extends the logarithmi relationship.

The e�et of the CO2 onentration on he infra-red energy emitted by the Earth esaping to the spae (Fout) is

illustrated in �gure 8.

6.2.3 The greenhouse e�et related to water vapor as a funtion of the water vapor onentration

Gserre
H2O

is alulated as a funtion of the global-mean amount of water vapor integrated in the atmospheri olumn,

H2O(t):

Gserre
H2O = −Q ·G0 · (1− (RH2O(t))

p
) · L

where RH2O(t) is the ratio between the amount of water vapor at time t and its referene quantity:

RH2O(t) =
H2O(t)

H2Oref

and L limits the greenhouse e�et when RH2O beomes very strong, avoiding too strong a runaway greenhouse

e�et when the temperature beomes very strong: : L = 0.3 · e−
√

RH2O(t)−1 + 0.7.
To satisfy the observational onstraints (setion 2.1), we take Q = 0.6 and p = 0.23.
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6.2.4 The water vapor onentration as a funtion of temperature

In order to simulate the positive feedbak of water vapor on the limate, the ratio RH2O(t) is expressed as a funtion
of the temperature T (t) assuming that the relative humidity remains onstant. Then RH2O(t) equals the ratio of

partial saturation pressures psat.

RH2O(t) =
psat(T )

psat(Tref )

The saturation vapor pressure is alulated by the Rankine formula:

psat(T ) = exp(13.7− 5120./T )

The temperature is in K andTref = 14.4◦C.

6.3 The arbon yle

CO2(t) is alulated as a funtion of the onentration at the previous time step by a mass budget equation:

CO2(t) = CO2(t− dt) + F (t) ·
COact

2

Mact
CO2

· dt

where CO2(t) is the CO2 onentration in ppm and F (t) is the CO2 �ux towards the atmosphere in GtC/year.

Note that CO2 �uxes are expressed in GtC/year of Carbone. To onvert these �uxes in Gt of CO2 per year,

you need to multiply the �uxes by 44/12. The fator

COact
2

Mact
CO2

allows us to onvert a CO2 mass in Gt (109t) into a

onentration in ppm: Mact
CO2

is the CO2 mass in the present-day atmosphere (750 Gt) and COact
2 is the present-day

CO2 onentration (405 ppm).

The CO2 �ux, F (t), is the sum of several ontributions:

� anthropogeni emissions;

� emissions assoiated with volanism and oeani ridge ativity, Fvolc. By default, Fvolc=0.0083 GtC/year;

� Biologial storage, i. e. the storage of organi matter in fossil form (oil, oal);

� ontinental alteration;

� CO2 exhanges between the atmosphere and the oean;

� absorption of some of the emissions by the oean and vegetation.

Anthropogeni and volani emissions are assumed to be onstant throughout the simulation.

6.3.1 Biologial storage and ontinental alteration

We assume that the CO2 �uxes leaving the atmosphere by biologial storage and ontinental alteration are propor-

tional to the CO2(t) onentration, by analogy with hemial reations in whih CO2 is the reagent:

Fconso(t) = −s · CO2(t)

where s is the CO2 onsumption rate in GtC/ppm/year.

The user hooses the onsumption rate of CO2 by biologial storage sbio and by ontinental alteration salt.
When the Earth is ompletely frozen (snowball), these onsumption rates are aneled regardless of the hoie of

the user: in fat, freezing does not allow the onsumption of CO2 by these proesses, whih allows the exit of the

snowball.

By default, salt is suh that ontinental alteration balanes volanism for long time sales: srefalt = Fvolc

COref
2

.

sbiois null by default, beause the urrent biologial storage an be negleted. At Carboniferous, sbio=-0.0014
GtC/ppm/year, aording to the CO2 �uxes reonstruted at that time ([Berner, 2003℄).
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6.3.2 CO2 solubility in the oean

In nature, the CO2 solubility in the oean depends on the temperature. As a result, an inrease in temperature

leads to CO2 degassing into the atmosphere whereas a derease in temperature leads to CO2 pumping into the

oean. This phenomenon ats on time sales of a few thousand years, and probably played a role in CO2 variations

observed during glaial-interglaial osillations (setion 3.2.3).

In the model, this is represented by a �ux Foce, in GtC/year, written as:

Foce =
1

τoce
·
COact

2

Mact
CO2

· (COeq
2 (T )− CO2(t))

where COeq
2 (T ) is the atmospheri CO2 onentration in equilibrium with the oean at temperature T and τoce

is the relaxation time sale of the CO2 onentration towards this equilibrium.

COeq
2 (T ) is parameterized aording to the temperature so that (1) a ooling of 10°C (e.g. interglaial-glaial

ooling) leads to a redution of CO2 onentration down to 180 ppm (2) the model simulates a 1°C inrease for a

90 ppm inrease from the pre-industrial period to present-day. This funtion is empirial rather than physial.

6.3.3 Absorption of part of CO2 emissions by the oean and the vegetation

The aim is to represent in a simple way that the super�ial oean and the vegetation absorb some of the CO2

emissions: it is estimated, for example, that at present 35% of the urrent anthropogeni emissions are absorbed by

the vegetation and 20% by the oean. This plays a role espeially at small time sales. In the model, we multiplies

the CO2 �uxes by 1− puitbio − puitoce, where puitbio=35% and puitoce=20%.

6.4 Albedo and ie sheets

6.4.1 Albedo as a funtion of ie sheet extension

In nature, the planetary albedo mainly depends on the ie extent, loud over and land surfae properties.

In SimClimat, only the e�et of ie sheet extent is taken into aount. The albedo is alulated as a funtion of

ie sheet extent φg(t) by a piee-wise linear funtion. The albedo is bounded between the albedo of the ie (taken

at 0.9) and the albedo of the Earth without ie, taken at 0.25. This formulation of the albedo as a funtion of the

latitude of ie sheets, whih itself depends on the temperature (setion 6.4.2, explains the shape of the Fin urve

(the solar energy absorbed by the Earth) as a funtion of temperature in �gure 8.

6.4.2 Ie sheet extent as a funtion of temperature and of summer insolation at 65°N

The latitude of the ie sheets is in degrees of latitude. It is alulated as a funtion of global temperature and of

the summer insolation at 65°N, I (in order to take into aount the variations of orbital parameters).

We alulate the ie sheet extent at equilibrium φeq
g :

φeq
g = a · T + b+ c · (I − Iactuel)

I is alulated as a funtion of the solar onstant, eentriity, obliquity and preession (setion 6.4.3).

The parameters a, b and c are tuned to satisfy the onstraints summarized in setion 2.1: a=0.73, b=49.53 and
c=0.2.

The ie sheets respond to limate foring with a time sale τg= 3000 years. To represent this e�et, the ie sheet

latitude φg(t) is alulated as a funtion of φg(t−dt) assuming that φg(t) tends towards φ
eq
g with the time onstant

τg:

φg(t) = φg(t− dt) +
(

φeq
g − T (t− dt)

)

(

1− e
−dt/τg

)

6.4.3 Summer insolation at 65°N

The summer insolation at 65°N, I, is alulated as a funtion of the solar onstant S0, eentriity x, obliquity o
and preession p following this formula:

I =
S0

4
· cos

(

(65− o) · π
180

)

∗

(

1− xactuel

2 ∗ sin
(

−pactuel·π
180

)

1− x
2 ∗ sin

(

−p·π
180

)

)2

where xactuel and pactuel the present-day eentriity and preession. Angles o and p are given in °.
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6.5 Sea level

In the model, two proesses impat the sea level:

� Thermal expansion, whih depends on the oean temperature Toce.

� The ie sheet melting, whih depends on the ie sheet extent φg.

We note by N(t) the sea level anomaly with respet to the present-day level: N(t) = Hmer(t)−Hmer,actuel, where

Hmer is the average sea depth

The average sea depth is alulated as:

Hmer = α(Toce) ·
Mmer

Smer

where α(Toce) is the volumetri mass of water at temperature Toce, Toce is the global-mean oean temperature,

whih is supposed to be an average of the global surfae temperatures over the previous 100 years , Mmer the total

sea water mass and Smer the surfae of oean basins.

� We alulate α(Toce) assuming a linear relationship as a funtion of Toce, given the thermal expansion

oe�ientc = 2.6 · 10−4/◦C:

α (Toce) = α (Toce,actuel) (1 + c · (Toce − Toce,actuel)

� We alulate

Mmer

Smer
by a mass balane: let Mtot be the total mass of the water in the system {ie sheets +

oean}, and f(φg) the fration of this water trapped in ie sheets. We have:

Mmer = Mtot · (1− f(φg))

Assuming that the surfae of the oean basins is onstant, we get:

Mmer

Smer
= Htot · (1− f(φg))

whereHtot id the average sea depth if all ie sheets had melted. We takeHtot =3.8km ([Herring and Clarke, 1971℄).

Therefore:

Hmer = (1 + c · (Toce − Toce,actuel)) ·Htot · (1− f(φg))

The fration f(φg) is proportional to the area overed between the latitude φg and the poles: 1− cos(90− φg)
. We alaso assume that ie thikness inreases as the latitude of the ie aps approahes the equator, aording to

a funtion in (1− φg/90)
nmer

with nmer a parameter adjusted to meet the onstraints summarized in setion 2.1.

So:

f(φg) = (1− cos(90− φg)) · (1− φg/90)
nmer
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