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Overview
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What is an Earth System Model (ESM)?
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What is an Earth System Model (ESM)?

An ESM solves mathematical equations that describe the physics of the atmosphere, 
ocean and the land surface (physical climate), but also simulates the interactions 
between the physical climate and the biosphere and the chemical constituents of the 
atmosphere and ocean (biogeochemical processes). 



Fundamentals – governing equations and 
finite difference
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The models solve fundamental equations on the state of the climate system in order to 
give information on future development

• Equation of motion (conservation of momentum; Newton’s 2nd law)

• Continuity equation (conservation of mass)

• Thermodynamic energy equation (conservation of energy; 1st law of 
thermodynamics)

• Equation of state

• Continuity equation for water in various forms (conservation of water mass)

• Chemical transformation equations for trace gases and aerosols 
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Governing equations
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Governing equations
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Have all these differential equations. How do 
numerical models deal with them? 

- Discretize both space and time

P. N. Edwards, WIRES Clim Change, 2011

• In numerical models, mathematical equations 
need to be replaced by numerical approximations 
- discretization of physical domain into grid cells 
and time into time steps.



• We illustrate this by a very simple example: A finite difference approximation to the 
1-dimensional advection equation (describes the passive advection of some scalar 
field   carried along by a flow of constant speed, u):  

• The numerical approximation of the derivatives implies a truncation error, ε.

• Here, centered differencing in space and time is used. In real models, more 
sophisticated methods are often used, but the principle is the same
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Have all these differential equations. How do 
numerical models deal with them? 

– Finite difference approximations
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Numerical Weather Prediction  



Use observational data as initial state and 
solve the governing equations

ECMWF



The Chaotic Nature of the Atmosphere

From: Andrew Gettelman



Chaos Theory: The Lorenz Attractor

Weather

Weather

Initial Conditions

From: Andrew Gettelman



From: ECMWF

26 Jun 1995

26 Jun 1994

Predictability, diagnostics and extended-range 
forecasting



Error propagation in the atmosphere

Bauer et al. (2015: Nature)

Forecast error over 
Europe for a +6 day 
forecast traced back in 
time to an area of 
sparse observations 
over the Pacific Ocean

Repeated simulation 
with corrected initial 
state within red box 
=> Greatly reduced 
error over Europe



Deterministic vs probabilistic prediction

Bauer et al. (2015: Nature)

Perturbation of the initial state

Ensemble of 
Forecast Solutions
(Several Realizations)



Are the NWP models getting better?

The ECMWF model

Bauer et al. (2015: Nature)

Evolution of Forecast Skill 
1981-2014:
Skill > 60%: Useful Forecast
Skill > 80%: High Accuracy

Variational Data Assimilation 
from 1999 => Greatly 
improved use of satellite data 
=> Greatly improved skill in 
Southern Hemisphere

+ 1 day in skill every 10 years



Earth System Models (ESMs)
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• We need them because of the complexity of the climate system: 
– No direct control experiment is possible (although in a sense we are performing a 

huge experiment right now). 
– Cannot reproduce the climate system in a lab
– Cannot use an analogue such as a lab mouse or a fruit fly. 
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Flato (2011: WIREs Cl.Ch.)

– There is a chain of interactions
and feedbacks between different 
parts of our climate system 
(biosphere, atmosphere, 
cryosphere, hydrosphere).

ESMs - Why do we need them?
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The structure of an ESM
• Where the weather occurs and 

where humans mostly experiences 
climate. 

• Movement of mass and energy over 
large distances, as well as 
nanometer scale interactions 
between for instance cloud droplets 
and water vapor. 

• Transport of mass and energy 
resulting mainly from heating of the 
Tropics. 

• Exchange of latent and sensible 
heat with the atmosphere. 

• Heat capacity and storage

• 2/3 of energy absorbed by the 
climate system is absorbed at the 
land and ocean surface.

• Transport of water from its sources 
to its sinks.

• Water and nutrients within water is 
the only thing that is transported 
between grid boxes. 

• Effects of plants on soil moisture.

• Usually simulates sea ice 
formation and loss. 

• Very important for the 
surface albedo and for 
insulating the ocean heat 
from the atmosphere. 

• Half the anthropogenic 
CO2 have been 
incorporated into land and 
ocean reservoirs, often 
fixed by organisms during 
photosynthesis. 

Atmosphere Ocean

Land

Cryosphere
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The structure of an ESM
• Where the weather occurs and 
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climate. 
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between for instance cloud droplets 
and water vapor. 

• Transport of mass and energy 
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Land

Model components simulate individual 
parts of the climate system and the 
exchange of energy and mass between 
these parts. 

Atmosphere Ocean

Cryosphere
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Developing an ESM – a huge task!

Interdisciplinary exercise between
• Atmospheric scientists
• Oceanographers
• Terrestrial ecologists
• Ocean chemists
• Biologists 
• +++

Community models: the general research community 
have access and can contribute to model development.

Atmosphere Ocean

Land

Cryosphere



Climate Model Evolution 

Cubasch, Wuebbles et al. (2013: IPCC AR5)Le Treut et al. (2007: IPCC AR4)

Hand-calculated numerical 
weather prediction

1920s 1950s

Analytic energy-balance 
models of climate

1960s

Single column radiative-
convective equilibrium 
models.

1969: First coupled 3D atmosphere-
ocean model (Manabe and Bryan) 



Global Climate Models (GCMs)

Heavens et al. (2013: Nature Education)

• An extension of NWP models

• Coupled atmosphere – ocean – sea-ice –

land models

• Ocean currents predicted

• Greenhouse gas concentrations prescribed

• Aerosol precursor emissions prescribed

• Vegetation prescribed



Earth System Model (ESMs)

• Interactive Carbon Cycle 

• Interactive Vegetation

• Interactive biogenic aerosol precursor 
emissions

• More sophisticated chemistry than climate 
models. Able to simulate distribution of 
nutrients such as nitrogen, which depends 
on both transport and biology

Heavens et al. (2013: Nature Education)



Global Climate Models (GCMs) and 
Earth System Model (ESMs)

Heavens et al. (2013: Nature Education)



Model Resolution
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Le Treut et al. (2007: IPCC AR4)

ESMs is roughly 1 to 2 degrees for the atmospheric component and around 1 degree for 
the ocean. The typical number of vertical layers is around 30 to 40 for the atmosphere and 
around 30 to 60 for the ocean (note that some ‘high-top’ models may have 80 or more 
vertical levels in the atmosphere). 



Model Resolution

Near-future Global Climate 
Models

Regional Climate Models

Cubasch, Wuebbles et al.  (2013: IPCC AR5)



Evolution of NWP grid spacing 1985 – 2035: 
~1/10 of ESM grid spacing 



• Higher resolution
– resolve processes who’s parameterizations lead to uncertainty in simulations, e.g. 

convective cloud systems 

– Double spatial resolution increases the cost
of the numerical model by a factor of 16
(x2 for each spatial dimension and a factor 2
for the necessary reduction in time step).

– Model resolution from 200 to 20 km (ESM to NWP) -> 10.000 times the computing 
capacity.

• Higher complexity
– Account for processes that were not treated 
previously, such as the carbon cycle, 
dynamic vegetation etc. 

Both are computationally expensive and we have to prioritize. 
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Complexity vs. resolution



Model process descriptions           Parameterizations



• Essentially the construction of a sub-model within the ESM that represents 
some unresolved physical process in terms of a few large-scale quantities 
and additional physical parameters. It expresses processes that are too 
small-scale or complex to be physically represented in the model by 
relations using model-resolved variables.

• Formulations based on theory, laboratory measurements or field
measurements, or some combination of those.

• A physically-based parameterization is more flexible than an empirical one, 
especially in the context of climate change simulations.

• Often validated against detailed field experiments or very detailed process 
models. 

• The quality of the parameterizations greatly affects the overall quality of the 
numerical model. 
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Parameterizations - definition
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Parameterizations - important examples

• Convection and clouds
• Cloud-microphysical and aerosol 

processes and their interaction
• Boundary layer processes
• Radiation
• Unresolved gravity waves 

• Mesoscale eddies and 
boundary layer turbulence and 
their interaction

• Sub-mesoscale eddies and 
fronts 

• Vegetation and soil type
• Run-off
• Evapotranspiration 

• Sub-grid-scale 
thickness variations

• Ice surface types: bare 
ice, melting ice, snow-
covered ice, open water

Atmosphere Ocean

Land

Cryosphere



• Representing clouds in ESMs – what is the problem?
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Parameterization of clouds - important for 
their radiative, hydrological and dynamical 
impacts 

convection

Clouds are the result of complex interactions between a 
large number of processes

radiation

turbulence

dynamics

microphysics

Richard Forbes, ECMWF



• Cloud-radiation interaction – many uncertainties
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Parameterization example - clouds

Cloud-radiation 
interaction

Cloud macrophysics Cloud microphysics “External” influence

Cloud fraction and 
overlap

Cloud top and base height

Amount of condensate 

In-cloud condensate 
distribution

Phase of condensate

Cloud particle size

Cloud particle shape

Cloud environment

Richard Forbes, ECMWF



• Microphysical processes

• Macro-physical 
– subgrid heterogeneity
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Parameterization example - clouds

Richard Forbes, ECMWF



Microphysical complexity:
• Water vapor

• Cloud water droplets

• Rain drops

• Pristine ice crystals

• Aggregate snow flakes

• Graupel pellets

• Hailstones

• Note for ice phase particles: 
• Additional latent heat.  
• Terminal fall speed of ice hydrometeors significantly less.
• Optical properties are different (important for radiation).
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Parameterization example – cloud 
microphysics

Richard Forbes, ECMWF



• Simple schemes 
(…in many GCMs not that long 
ago, still some now, and in many 
convection parametrizations!)
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Parameterization example – cloud 
microphysics  

Total water 
qt

Precipitation
(diagnostic)

Autoconversion

Evaporation

Kessler (1969)

Snow
qs + Ns

Cloud 
water
ql + Nl

Rain
qr + Nr

Water 
vapour

qv

Freezing - Melting

Autoconversion 
Collection

Freezing – Melting - Bergeron

Deposition 
Sublimation

Condensation 
Evaporation

Collection

C
on

de
ns

at
io

n 
Ev

ap
or

at
io

n Cloud ice
qi + Ni

D
eposition 

Sublim
ation

Sedimentation

Graupel
qg + Ng

Hail
qh + Nh

e.g. 

Lin et al. (1983)

Meyers et al. 
(1997)

Milbrandt and 
Yau (2005)

• Double moment schemes 
(total amount and number of cloud 
particles), multiple ice categories

Richard Forbes, ECMWF
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Parameterization example – cloud 
microphysics

Cloud 
ice

Snow

Cloud 
water

Rain

Water 
vapour

Freezing - Melting

Autoconversion
Collection

Autoconversion
Collection

Freezing – Melting - Bergeron

Deposition SublimationCondensation 
Evaporation

Collection

C
on

de
ns

at
io

n 
Ev

ap
or

at
io

n D
eposition 

Sublim
ation

Sedimentation

Cloud ice

Snow

Cloud 
water

Rain

Water 
vapour

Freezing - Melting

Autoconversion CollectionAutoconversion Collection

Freezing – Melting - Bergeron

Deposition SublimationCondensation 
Evaporation

Collection

C
on

de
ns

at
io

n 
Ev

ap
or

at
io

n D
eposition 

Sublim
ation

Sedimentation

• Hydrological perspective • Radiative perspective

Richard Forbes, ECMWF
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Microphysics does not occur in isolation 
– turbulence/convection

Rémillard et al. (2012, JClim, Fig 2)



How the different parametrizations interact can be as important as the parametrizations 
themselves
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Moist process parameterization

Subgrid BL turbulent 
mixing

Subgrid 
convection

Subgrid cloud

Microphysics

Dynamics Radiation

Surface 
interactions

Richard Forbes, ECMWF



• Have still only touched upon processes needed to be parameterized within clouds. There is 
also, for example: 

– Nucleation of water droplets

– Diffusional growth of cloud droplets (condensation)

– Collection processes for cloud drops (collision-coalescence) leading to precipitation sized 
particles

– Advection and sedimentation (falling) of particles

– Evaporation of cloud

– Cloud fraction overlap

– In-cloud condensate distribution

– Cloud top base and height

– …
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Parameterization example - clouds



Myhre, Shindell et al.  (2013: IPCC AR5)

Cloud related processes represent large 
uncertainties in ESMs



‘Tuning’ of Earth System Models

• Adjusting uncertain model parameters to avoid spurious drift, e.g. in 
500-year runs of pre-industrial climate



• Basically adjusting a small subset of model parameters so that the model follows 
large-scale observational constrains, often global averages. 

• Want to maintain the global top of the atmosphere (TOA) energy balance in pre-
industrial simulations in order to prevent the climate to drift into some unrealistic state. 

• Very common to adjust cloud parameters in order to meet this goal, e.g. by adjusting 
the efficiency of the auto-conversion/deciding how easily it rains.

• Constant trade-off as you wish to keep the model stable, but at the same time give a 
good representation of the clouds. 

• Because of lack of transparency in the modeling communities as to what is tuned and 
by how much, certain communities put little trust in climate models.  

• IPCC AR5: “The requirement for model tuning raises the question of whether climate 
models are reliable for future climate projections. Models are not tuned to match a 
particular future; they are tuned to reproduce a small subset of global mean 
observationally based constraints. What emerges is that the models that plausibly 
reproduce the past, universally display significant warming under increasing 
greenhouse gas concentrations, consistent with our physical understanding.”
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Tuning



500-year runs of pre-industrial climate

Bentsen et al. (2013: GMD)



Mauritsen et al. (2012: JAMES)

a
b

d
e

‘Tuning’ of ECHAM6

c



Normalized Performance Index (lower is 
better)

Mauritsen et al. (2012: JAMES)



Coupled Model Simulations

Mauritsen et al. (2012: JAMES)



Climate Sensitivity

Mauritsen et al. (2012: JAMES)

Tuning affects climate 
sensitivity, but not very much



Validation of Earth System Models
What a model does well identifies what problems the model can be 
used to study 



• Most straightforward approach – compare simulated quantities to corresponding 
observationally based estimates.

• Ensemble approach – compare results from multiple models (multi-model 
ensembles/MMEs) or perturbed simulations of the same model (perturbed parameter 
ensembles/PPEs). 
– MMEs sample structural uncertainty (model formulations and assumptions) and 

internal variability, but many models share components or history and are not 
independent. 

– PPEs sample uncertainty based on a single model. Can identify what parameters 
are the main drivers of uncertainty, but do not explore structural uncertainty and the 
estimated uncertainty will depend on the formulations in the model in question. 

– Ideally, the full range of variability of each model parameter would be explored 
simultaneously, and a unique climate projection generated. To do so is currently 
computationally impossible. 

• Increased use of performance metrics – quantitative statistical measures.
– Simplifies synthesis and visualization of model performance
– Quantitative assessment of model improvement over time.
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Validation – how is it done?



Example: 

Sea surface temperature 
in NCAR CESM vs 
observations

• Model is started in 1850 and run forward to 2000
• Simulation results averaged over 1981 – 2000
• Observation: The Met Office Hadley Centre's 

sea ice and sea surface temperature (SST) data 
set, HadISST.

• Surface temperature routinely examined.
• Many processes must be adequately 

represented in order for a model to realistically 
capture the observed temperature distribution.

From: Andrew Gettelman

Model: CESM1

Observations

Difference (Model–Obs)



Multi-model Validation: Temperature

Flato, Marotzke et al.  (2013: IPCC AR5)

Arctic Sea Ice

Stratocumulus clouds 
and upwelling

Same magnitude as 
mean bias –
compensating errors 
across models 
limited. 

Indication of 
observational 
uncertainty. Largest 
where observations 
are sparse.

Observation inconsistency in same regions as 
model mean absolute error. 



Multi-model Validation: 
Temperature Seasonality

• Seasonality (December–January–
February minus June–July–August ) of 
surface (2 m) air temperature (°C) for 
the period 1980–2005. 

• The plot shows the difference between 
the multi-model mean and the 
observed (ERA-Interim) absolute 
seasonality.

• Over most land areas the amplitude of 
the modelled seasonal cycle is larger 
than observed, whereas over much of 
the extratropical oceans the modelled 
amplitude is too small. 

Flato, Marotzke et al.  (2013: IPCC AR5)



Multi-model Validation: Precipitation

ITCZ

Trade 
wind 
cumuli

Flato, Marotzke et al.  (2013: IPCC AR5)



Multi-model Validation: 
TOA Radiative Budget and the influence of clouds

Underestimated low 
cloudiness in the models 
(Stratocumulus regions)

Errors in model simulations 
of clouds over the Southern 
Ocean

Flato, Marotzke et al.  (2013: IPCC AR5)



Ocean Temperature and Salinity

Too warm Too cold Too fresh

Flato, Marotzke et al.  (2013: IPCC AR5)



Aerosol Optical Depth

Significant biases associated with both Saharan dust and marine emissions 
(sea salt, organic, DMS).

Average of 21 CMIP5 models

Flato, Marotzke et al.  (2013: IPCC AR5)



Performance of individual models

Flato, Marotzke et al.  (2013: IPCC AR5)

• A space–time root-mean-
square error (RMSE) 
portrayed as a relative 
error by normalizing the 
result by the median 
error of all model results.

• A value of 0.20 indicates 
that a model’s RMSE is 
20% larger than the 
median CMIP5 error for 
that variable.



Simulated and observed global 
temperature in the 20th century

All forcings vs. Observations Only natural forcings vs. 
Observations

Forster et al. (2007: IPCC AR4)

Growing discrepancy after 
~1950

Good agreement



Are the Global Climate Models and ESMs 
getting better?



Temperature, precipitation and sea-level pressure

Gleckler et al.  (2008: JGR)

Reduced error



Simulated Evolution of Arctic Sea Ice

Flato, Marotzke et al.  (2013: IPCC AR5)

Better agreement with 
observations in the 
latest models



Simulated vs observed water vapor in 
CMIP3 vs CMIP5 models

Jiang et al.  (2012: JGR)

No Systematic Improvement

Obs.Models



Simulated vs observed liquid water path in 
CMIP3 vs CMIP5 models

No Systematic Improvement

Obs.Models

Jiang et al.  (2012: JGR)



Simulated vs observed ice water path in 
CMIP3 vs CMIP5 models

Improvement?

Obs.Models

Jiang et al.  (2012: JGR)



Feedback Processes  Climate Sensitivity



The Climate Sensitivity, i.e. how 
much the climate warms by a 
doubling of CO2 is determined by 
the magnitude of climate feedbacks

A climate feedback is an 
amplification or dampening of a 
climate perturbation due to a 
particular process 

Stocker (2014)



What are climate feedbacks?

71

Reduces warmingEnhances warming

Creates change

Positive 
feedback

Negative 
feedback

Creates change

Global 
warming



Positive 
feedback

Negative 
feedback

Global 
warming

72

What are climate feedbacks?



What are climate feedbacks?

Hartmann, 1994

• Climate feedbacks explained by the change in surface temperature, Ts, 
with a certain forcing, F (greenhouse gases, solar activity, volcanic activity):
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What are climate feedbacks?

Hartmann, 1994

Total change in Ts

Change in Ts
directly due to F

Change in Ts with 
changes in climate 
parameters that are 
affected by F

Change in 
climate 
parameters with 
F

What are climate feedbacks?
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Total change in Ts
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Change in 
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F

What are climate feedbacks?

E.g. clouds, water vapor, 
snow and ice cover…



What are climate feedbacks?

Hartmann, 1994

• Climate feedbacks explained by the change in surface temperature, Ts, 
with a certain forcing, F (greenhouse gases, solar activity, volcanic activity):
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		 	∑ 	 				

What are climate feedbacks?

Feedbacks!



Climate feedbacks

Soden et al., (2008)

• Water vapor feedback: 
~ 1.9 W m-2 K-1

• Lapse rate feedback: 
~ -1 W m-2 K-1

• Water vapor + lapse rate:
~ 1 W m-2 K-1

• Surface albedo feedback:
~ 0.3 W m-2 K-1

• Cloud feedback: 
~ 0.7 W m-2 K-1

What are climate feedbacks?



Climate Feedbacks in 14 CMIP3 models

Soden et al. (2008: J.Climate)

_ +

++

Obtained using ‘radiative kernel’ method



Water Vapor Feedback

Stocker (2014)

Turning water vapor feedback off => Unable to simulate right 
amplitude of global temperature response after Mt Pinatubo 1991 
eruption



Cloud feedbacks under 
global warming –

Some proposed mechanisms

Iris hypothesis – reduction 
in tropical anvil fraction

FAT hypothesis

Increased optical 
depth – Clausius-
Clapeyron

Decreased optical depth 
– precipitation

Less frequent mid-
latitude cyclones

Decreased low-latitude BL 
cloud fraction - increased 
surface fluxes

Reduced stratiform cloud 
amount – reduced radiative 
cooling

Decreased optical depth –
cloud physical extent

More intense mid-
latitude cyclones

Poleward shift in mid-
latitude cyclones

Increases in polar 
cloud cover

Increased optical 
depth – CLAW 
hypothesis

Increased low-latitude BL cloud 
fraction – weaker large scale 
subsidence and enhanced BL 
moistening.

Decreased fraction of 
tropical cirrus

Increased optical 
depth – cloud ice to 
cloud water

Vertically more extensive 
clouds – weakening of 
tropical overturning 
circulation

Decreased low-latitude BL 
cloud fraction – relatively 
reduced evaporation

Increased lifetime 
of stratiform clouds



Why is Cloud Feedback Positive in the 
Models?

Zelinka et al. (2012): J.Climate

1) SW: Reduction in Cloud 
Amount

2) LW: Increase in Cloud Height

Several factors, but the two largest are:



Future Climate Projections

What will result from our present actions



Future Scenarios

Cubasch, Wuebbles et al.  (2013: IPCC AR5)

‘Business as 
usual’

‘Optimistic’

‘Middle of the 
road’



Sources of Uncertainty in Climate 
Projections

• Natural variability: ENSO, AMOC, 
NAO, PDO, Solar, Volcanic, etc.

• Climate response uncertainty: 
Feedbacks

• Emission uncertainty: Societal 
development

Cubasch, Wuebbles et al.  (2013: IPCC AR5)



Arctic Warming vs Global Warming

Arctic: More than a 
doubling of the global 
warming signal 

Antarctic: Less warming 
than in the Arctic

Why?



Future Projections: Hydrological Cycle

Stocker, Dahe and Plattner et al.  (2013: IPCC AR5)

for 2081–2100 relative to 1986–2005, 
RCP8.5.

Hatching indicates regions where the multi-model mean change is less than one standard deviation of internal variability. Stippling indicates 
regions where the multi-model mean change is greater than two standard deviations of internal variability and where 90% of models agree on the 
sign of change. 



Future Projections: Hydrological Cycle

Implications 
for 
agriculture?

Stocker, Dahe and Plattner et al.  (2013: IPCC AR5)



Projected Changes in Extremes

Much more frequent heavy 
precipitation events than today

Much more extreme heat waves 
than today (events are warmer)



Summary



Strengths of ESMs

• Simulate well the main features of 
current climate

• Simulate well the gross features of 
the global temperature evolution 
over decades to centuries

Weaknesses of ESMs

• Unable to predict rapid (< 10 yr) 
climate variations, e.g. ‘hiatus’ 
~2000-2010

• Incomplete interactions between 
climate variations and the carbon 
cycle (carbon cycle feedback)

• Cloud changes in a changing 
climate uncertain (cloud feedback)

• Regional changes uncertain

• Uncertainties about changes in 
ENSO behavior

• Uncertainties about changes in 
ocean circulation



Summary – Earth System Models

• Based on numerical approximations to the fundamental equations

• Physical parameterizations required for processes not resolved by model 
grid

• ESMs enable interactions between the atmosphere and the 
biosphere

• Both NWP models and ESMs show a systematic improvement in skill 
over time

• Remaining uncertainties particularly concerning clouds, carbon cycle and 
natural variability 
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Thank you for your attention!


