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Concepts and motivation
(What and why?)
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Definition

A coupled climate system model is one that:
o describes multiple components of the climate system

o describes the interactions between them

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Concepts and motivation

The Earth is a coupled system
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Why do we need coupled climate system models?

@ We want to predict possible future climate states — for reasons of
forecasting, adaption or mitigation.

We want to understand past climatic changes.
We want to detect and attribute human influences.

We want to explore properties of the climate system.

We want to answer questions — ranging from scientific questions to
policy questions.

@ There is only one Earth, and we can't (or at least shouldn’t!)
perform experiments on that.

@ The Earth is too large and complex to be simulated in a laboratory,
so numerical models are the only way of accomplishing this.

@ Most of the things we care about are coupled phenomena.

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Concepts and motivation

Example: future climate projections
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Example: global carbon cycle
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Concepts and motivation

Example: El Nifno—Southern Oscillation
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Concepts and motivation

Example: past climatic changes
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Building a coupled climate
system model

(How?)
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Building a coupled model

Different types of models

Integration

Conceptual Models

Processes

2-D Statistical
Dynamical

EBM

COMPLEXITY OF INTERACTION

Detaif of Description

Fig. 1. Pictorial definition of EMICs. Adapted from Claussen Fig. 2. The climate modeling pyramid. Adapted from Henderson-
(2000) Scllers and McGuffic (1987)

Claussen et al. (2002)
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Designing your coupled climate system model

@ A model is a tool — the type that you use depends upon the
question that you want to answer.

Which components of the climate system do you need to model?
Which processes do you need to model?

Which quantities do you need to model?

Do you need a regional or a global model?

How much spatial resolution do you need?

How long do you need to run the model for?

®lle @ @SS @@

These questions are inter-related — for example, it isn't feasible to
run a high-resolution global model for 10,000 years!

@ No model is a perfect representation of the real world.

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Building your coupled climate system model

@ Traditional approach:
e Develop a computer program from scratch.
@ Modern approach:
o Take existing components and combine them.
Test and debug.

Determine the optimal parameter settings (“tuning”).

o

o

o Evaluate, evaluate, evaluate...

@ This is a very specialised and time-consuming process.
o

A typical state-of-the-art coupled climate system model:

e represents hundreds of person-years of work.
o is an extremely large and complex piece of software.

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Case study: ACCESS

@ Australian Community Climate and Earth System Simulator
o Atmosphere: Unified Model (UK)

@ Ocean: MOM4 (USA)

@ Sea ice: CICE (USA)

o Land surface: CABLE (Australia)

o Coupler: OASIS (France)

@ Around one million lines of source code

@ Can simulate around 2-3 years per day

o Generates up to 50 GB of data for each year

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Case study: ACCESS
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Building a coupled model

Case study: ACCESS
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Building a coupled model

Coupled climate system modelling: Lego for adults?

Steven J. Phipps, ARC Centre of Excelle mate Change Research Centre, UNSW
ARC CoECSS Winter School, 17 stem modelling
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Challenges and solutions

e Coupling:
o Interfaces may need to be developed for each component
= Modify each component as necessary
o Components can use different spatial grids
= Use regridding — but make sure that physical quantities are conserved
o Components can use different timesteps
= Use averaging or interpolation in time
@ Errors in the climatology:
o No model is perfect, so all models will exhibit errors
= Tuning can improve the agreement with observations
o Drift:

o Feedback loops can cause systematic errors to grow over time,
causing the model to drift away from its initial state

= This is a tricky one to fix, but tuning can help

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Building a coupled model

Atmosphere—ocean coupling

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Building a coupled model

Coupling: spatial regridding within ACCESS

Model A OASIS Model B

Remapping...

Bi and Marsland (2010)

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Building a coupled model

Coupling: time management within ACCESS

> MOM4

Bi and Marsland (2010)
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Building a coupled model

Evaluation: present-day precipitation

@ The figures on the
right show annual
rainfall

@ Which is observed
and which is
modelled?

o — 1 (cm)
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Evaluation: past climatic changes
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Building a coupled model

Evaluation: future climate?

Global temperature under 1592a
2.0

Temperature relative to pre-industrial (K)

Allen et al. (2013)
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Evaluation: El Nino—Southern Oscillation
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Model intercomparison: El Nifio—Southern Oscillation
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Model intercomparison: El Nifio—Southern Oscillation
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The development of coupled
climate system models
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The development of coupled models

The development of coupled climate system models

Growth of Climate Modeling

Upper Atmosphere
Atmospheric Chemistry
Dust/Sea Spray/Carbon Aerosols.
Interactive Vegetation
Atmospheric/Land Surface/Vegetation Coupled Climate Model
Sulfate Aerosol
Ocean Sea lce
Biogeochemical Cycles
Carbon Cycle

Ice Sheet
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The development of coupled models

The first coupled atmosphere—ocean GCM
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Empirical evidence indicates that the poleward heat
transport by ocean currents is of the same order of
magnitude as the poleward transport of energy in the
atmosphere (Sverdrup, 1957). A significant contribution
to the heat exchange across latitude circles is also as-
sociated with polar pack ice. Thus, any serious attempt
to calculate climate must take into account the entire
fluid envelope of the earth, consisting of the atmosphere
and the hydrosphere. Although the cryosphere, con-
sisting of ice packs over the oceans and continental ice,
is not a fluid in the usual sense, it must be included in a
general climatic model because of its large reflectivity
to the solar insolation and its ability to store and trans-
port heat.

taken into consideration. Velocity, temperature, water
vapor and surface pressure are calculated at each of
the grid points which are spaced approximately 500 km
apart, Calculations are carried out at 9 levels which are
chosen so that they resolve the structure of the lower
stratosphere and the Eckman boundary layer. The
radiation model is essentially that described by Manabe
and Strickler (1964). For the sake of simplicity, the
seasonal and diurnal variation of solar insolation are
not taken into consideration; instead, annual mean
insolation is assumed for this study. The depletion of
solar radiation and the transfer of terrestial radiation
is computed taking into consideration cloud and gaseous
absorbers such as water vapor, carbon dioxide and
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The development of coupled models

The first coupled atmosphere—ocean GCM
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F16, 2, Zonal mean temperature of the joint ocean-atmosphere system, left-hand side. This distribution,
which is the average of two hemispheres, represents the time mean over two-sevenths of the period of the
final stage of the time integration. The right-hand side shows the observed distribution in the Northern
Hemisphere. The atmospheric part represents the zonally averaged, annual mean temperature. The oceanic
part is based on a cross section for the western North Atlantic from Sverdrup ef al. (1942).

Manabe and Bryan (1969)
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High-performance computing, 1969-style

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
ARC CoECSS Winter School, 17-21 June 2013: Coupled climate system modelling



The development of coupled models

High-performance computing, 1969-style
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Later coupled atmosphere—ocean modelling

AUGUST 1991 MANABE ET AL. 785

Transient Responses of a Coupled Ocean-Atmosphere Model to Gradual Changes
of Atmospheric CO,. Part I: Annual Mean Response

S. MANABE, R. J. STOUFFER, M. J. SPELMAN AND K. BRYAN
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, New Jersey
(Manuscript received 2 November 1990, in final form 4 March 1991)

ABSTRACT

This study investigates the response of a climate model to a gradual increase or decrease of atmospheric
carbon dioxide. The model is a general circulation model of the coupled atmosphere-ocean-land surface system
with global geography and seasonal variation of insolation. To offset the bias of the coupled model toward
settling into an unrealistic state, the fluxes of heat and water at the ocean-atmosphere interface are adjusted by
amounts that vary with season and geography but do not change from one year to the next. Starting from a
quasi-equilibrium climate, three numerical time integrations of the coupled model are performed with gradually
increasing, constant, and gradually decreasing concentration of atmospheric carbon dioxide.

Itis noted that the ‘sea surface very slow over the northern North Atlantic
and the C!rcurnpolar Ocean of the Sou\hem Hemisphere where vertical mixing of water penetrates very deeply.
However, in most of the Northern Hemisphere and low latitudes of the Southern Hemisphere, the distribution
of the change in surface air temperature of the model at the time of doubling (or halving) of atmospheric carbon
dioxide resembles the equilibrium response of an atmospheric-mixed layer ocean model to CO; doubling (or
halving). For example, the rise of annual mean surface air temperature in response to the gradual increase of
atmospheric carbon dioxide increases with latitudes in the Northern Hemisphere and is larger over continents
than oceans.

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Later coupled atmosphere—ocean modelling
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Later coupled atmosphere—ocean modelling
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FIG. 2. Temporal variation of the global mean surface air tem-
perature from the 4XC, 2XC, and S integrations. Units are in kelvin.

Manabe and Stouffer (1994)
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The development of coupled models

Later coupled atmosphere—ocean modelling
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FIG. 4. Temporal variation of the intensity of the thermohaline

circulation in the North Atlantic Ocean from the 4XC, 2XC, and S

integrations. Here the intensity is defined as the maximum value of

the streamfunction representing the meridional circulation in the
North Atlantic Ocean (e.g., Fig. 5a). Units are in Sverdrups.

Manabe and Stouffer (1994)
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Rapid climate change?
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The development of coupled models

Today: interactive carbon cycle
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The development of coupled models

Today: increasing spatial resolution
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Future opportunities
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Next steps: us

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UNSW
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Future opportunities

Coupling humans to the earth system
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Future opportunities

Dynamics of the coupled human—climate system

Dynamics of the coupled human—climate system resulting
from closed-loop control of solar geoengineering

Douglas G. MacMartin - Ben Kravitz «
David W. Keith - Andrew Jarvis

Received: 27 February 2013/ Accepted: 28 May 2013
© Springer-Verlag Berlin Heidelberg 2013

Abstract If solar radiation management (SRM) were
ever implemented. feedback of the observed climate state
might be used to adjust the radiative forcing of SRM in
order to compensate for uncertainty in either the forcing or
the climate response. Feedback might also compensate for
unexpected changes in the system, e.g. a nonlinear change
in climate sensitivity. However, in addition to the intended
response to greenhouse-gas induced changes, the use of
feedback would also result in a geoengineering response
to natural climate variability. We use a_ box-diffus

possible

f there is a desire for rapid correction (high
ed

. the
need for feedback to compensate for uncertainty. combined
with a desire to avoid excessive amplification of natural
variability, results in a limit on how rapidly SRM could
respond to changes in the observed state of the climate
system.

dynamic model of the climate system to understand hnv\
changing the properties of the feedback control affect the
emergent dynamics of this coupled human-climate system,
and evaluate these predictions using the HadCM3L general
circulation model. In particular, some amplification of
natural variability is unavoidable; any time delay (e.g., to
average out natural variability. or due to decision-making)
exacerbates ith oscillatory behavior

Keywords Solarr
Dynamics - Feedback - Control

1 Introduction

Solar radiation management (SRM) has been suggested as
a possible tool to offset some or all of the radiative forcing
due to anthropogenic greenhouse gases (GHG) and thus

Steven J. Phipps, ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, UN

ARC CoECSS Winter School, 17-21 June 2013: Coupled climate system modelling



Concepts and motivation Building a coupled model  The development of coupled models  Future opportunities Conclusions

Conclusions

Steven J. Phipps, ARC Centre of Excellence for Climate System Science Climate Change Resea

ARC CoECSS Winter School, 17-21 June 2013: Coupled climate system modelling



Concepts and motivation  Building a coupled model  The de pment of coupled models  Future opportunities  Conclusions

Conclusions

@ Coupled climate system models are able to reproduce the key
features of the global climate.

@ They are therefore incredibly powerful tools for exploring the past,
present and future of the climate system.

@ There is great potential to develop coupled climate system models
even further, particularly by incorporating descriptions of additional
components of the human—climate system.

@ Remember what a great privilege is to be a climate system modeller.

@ Think carefully when designing, building and using climate system
models; no model is perfect.
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Conclusions

With great power, comes great responsibility
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