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Abstract

This paper describes a set of analyses to validate simple model parameterisations as
part of a model assessment for calculations attributing global change to particular
groups of emissions. The report also identifies issues involved for the assessment to
address the recommendations from the SBSTA experts’ meeting (Bonn, May 2001).
DISCLAIMER: The scenarios for future emissions used in this report were chosen
to provide a standard case for the various models in the intercomparison. This case
should not be treated as having any specia status as a likely future. In particular, it
should be noted that the SRES A2-marker case is predicated on a global population
of around 15 billion in 2100.
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1 Introduction

Thisreport documentsa set of standardised cal cul ationsthat are intended as validation of simple
parameterised models of global change.

The assessment for which the present study was undertaken, arose from a proposal from Brazil
to set emission targets on the basis of historical responsibility for global change. The proposal
was presented to the Ad Hoc Group on the Berlin Mandate (AGBM) and subsequently referred
to the SBSTA. A summary of the formal consideration within the FCCC process (through to
2001) isgiven by Enting and Law (2002) (see also SBSTA, 2001).

Our modelling of global change using parameterised models is part of an on-going research
activity in CSIRO (Australia). The methodology involves devel oping highly-modul arised mod-
els so that we can, as desired, investigate particular aspects of globa change, using detailed
modelling of individual system components with inputs and/or outputs from/to less detailed
representations of other components of the earth system. The present report is intended as the
first in aseries of CSIRO Atmospheric Research Technical Papers with the common title: Mod-
elling Earth System Change and numbered I, 1, etc. in addition to the CAR Technical paper
numbers.

The SBSTA intercomparison involved the following components:

e A ‘reference case, supplied by SBSTA, based mainly on analyseswith the Hadley Centre
HadCM3 model.

e A default case, comprising a set of standard inputs (emissions of CO,, CH, and N,O;
direct and indirect radiative forcing for aerosols) and a set of standard parameterisations
for: the dependence of concentrations on emissions, the dependence for forcing on conc-
tration and the dependence of temperature (and sea-level) on forcing.

e A comparison between this default case and the reference case, to test that ssmple pa-
rameterisations could reproduce the behaviour of complex models. To the extent that the
default isfully specified, al modelling groups that use the default should obtain identical
results (to numerical accuracy). There are however, afew details that were not specified
in the default case. These are noted in the description below.

e Similar comparisons with alternative parameterisations using either the same inputs as
the default case or alternative estimates.

The layout of the remainder of thisreport is as follows. Section 2 describes the *default’ case.
Section 3 describes various extensions that we consider for CO,. Section 4 describes the other
gas concentrations. Section 5 describes the validation of the climate change variables. Section
6 revisits these various results, relating changes to time of emission.
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2 Default parameterisations

For the purposes of intercomparison of models, a number of standard representations have been
defined. These are:

e standard forcings, expressed as emissions, concentrations or radiative forcing, depending
on the constituent;

e standard default responses of particular components of the earth system.

The present section describes these standard cases. Modellers who use al the default responses
should (to within numerical accuracy) all obtain the same results, apart from small differences
due to some aspects of the default being left unspecified. Of course, the aim of the assessment
isto determine the extent to which the results differ when different parameterisations are used.

I nputs:

Past CO, emissions From CDIAC, as sum of fossil carbon emissions (Marland et al., 2001)
and emissions from land-use change (Houghton, 1999; Houghton and Hackler, 2000).

Past CH, emissions From EDGAR-HY DE data set (Aardenne et a., 2001).
Past N,O emissions From EDGAR-HY DE data set (Aardenne et a., 2001).
Future CO, emissions SRES A2-marker scenario. (Nakicenovic et al, 2000: p471).
Future CH, emissions SRES A2-marker scenario (Nakicenovi€ et a, 2000: p471).
Future N,O emissions SRES A2-marker scenario (Nakicenovi€ et al, 2000: p471).

Direct radiative forcing of aerosols Prescribed function from SRES A2-marker scenario, see
Figure 2.

Indirect radiative forcing of aerosols Prescribed function from SRES A2-marker scenario,
see Figure 2.

The emission estimates and scenarios are presented as annula values for specific years. For
computational convenience, these are actually used as instantaneous values in the middle of the
year, with linear interpolation used for other times.

M odel relations:

CO, concentrations Perturbation from pre-industrial concentration of 280 ppm. Response
given by Bern model expression, equation (2.1).
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CH, concentrations Perturbation from pre-industrial concentration of 700 ppb; fixed 8.4 year
lifetime; (Prather et a., 2001: Table 4.1).

N,O concentrations Perturbation from pre-industrial concentration of 275ppm,; fixed 120 year
lifetime; (Prather et a., 2001: Table 4.1).

Radiative forcing of gases Functional relationsfrom the IPCC Third Assessment Report, (equa-
tions 2.4a-h).

Warming Response function from HadCM 3, equation (2.53).
Sea level rise Response function from HadCM 3, equation (2.6a).

Theforcing, warming and sea-level rise are all expressed as differences from pre-industrial con-
ditions. The emissions are the anthropogenic inputs that have caused these changes. Therefore
the concentrations cal culated using the response functions are perturbations from pre-industrial.
Comparisons with observed concentrations will require specification of the pre-industrial value.
The default calculations use the values specified above, which are taken from the IPCC Third
Assessment Report.

These default specifications can be summarised as:

Component Emissions Concentrations Forcing
CO, CDIAC 280 ppm + Bern response | Eq. 2.4c
CH, EDGAR-HYDE | 700 ppb + 8.4 yr lifetime | 2.4d

N,O EDGAR-HYDE | 275 ppb + 120 yr lifetime | 2.4e
aerosol (direct) | — — prescribed
aerosol (indirect) | — — prescribed
halocarbons — — —

The default response for CO, is the Bern model response from the Third Assessment Report,
expressed as

Rpernar (t) = 0.152 + 0.253 exp(—1/171.0) + 0.279 exp(—t/18.0) + 0.316 exp(—t/2.57)
(2.1)

The gas response functions are defined to have R(0) = 1, and so must be used with a scale
factor, giving

t
Cco2(t) = Ccozeqm + Acoz /t R(t —t') Ecoq(t') dt’ (2.2)

where the factors A, define the conversion from emission units (generally in terms of masses)
to gas units (usually mixing ratios).

For gases that can be characterised by asinglelifetime, 7,,, we have

R, = exp(—t/7,) (2.3)

4
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Our calculations work in the units used for the emissions. Pg carbon ( Gt C) for CO,; Tg CH,
(Mt CH,) for CH,; Tg N (Mt N) for N,O. These are the units generally used in IPCC reports.
Note that the EDGAR-HYDE CH, emissionsarein TgCy !, not Tg CH, y ! (van Aardenne
et al., 2001).

We use the conversion factors:
Acor =0471  ppm/(Pg C) ppm/(Gt C)

Acms = 12Aco»  ppb/l(TgCH,)  ppb/(MtCH,)
= Aco2  ppb/(TgN) ppb/(Mt N)

Ano20o

These factors come from the combination of the total (dry) mass of the atmosphere, the mean
molecular weight of the atmosphere and the molecular weight of the species.

The specifications prescribe the use of radiative forcing expressions from the IPCC Third As-
sessment Report. The radiative forcing is expressed as a sum over contributions:

F(t) == Fcog(t) + FCH4(t) + FNQQ (t) + Faerosol(t) + ... (24(1)

(An overlap contribution for CH, and N,O isincluded in the forcing for these gases).

The individual forcings are expressed as functions of the concentration:

Fy(t) = fo(Cy(2)) (2.40)

For CO, we use
feco2 = 5.35In(Cco2/Cco2:eqm) (2.4c)

Thisform is quoted by the IPCC (Ramaswamy et al., 2001: Table 6.2) as one of severa alter-
natives. Other functions are shown in Figure 1, including the older expression previously used
by the IPCC in which the factor 6.3 was used instead of 5.35.

fCH4 (CCH4) =

0.036 |:\/CCH4 - \/CCH4:eqm:| _foverlap (CCH47 CN2O:eqm)+foverlap(CCH4:eqma CNZO:eqm) (24d)

fNZO (CNQO) =

0.12 |:V C1N2O -\ CNQO:eqm:| - foverlap(CCH4:eqm; C1N2O) + foverlap(CCH4:eqm; CNQO:eqm) (246)

Equation (2.4€) represents a change from the function previously used by the IPCC which had
acoefficient of 0.14 rather than 0.12. The CH,-N,O overlap contribution is given by:

foverlap (CCH4a CNZO) —

0.47In[1 4 2.01 x 10°(CpraCx20)"" + 5.31 x 10 *Cepa(ConaCnoo) ™) (2.4f)
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Figure 1: Alternative expressions for the radiative forcing of CO, as a func-
tion of concentration (Ramaswamy et al., 2001: Table 6.2). Solid curve is
equation (2.4c) used in present work. Short dashes are the form from Shine et
a. (1990) used in our earlier work.

where in (2.4d,ef) Ccus and Cyoo are in ppb. We aso follow the IPCC (Shine et a., 1990:
Table 2.2) and include an indiredt effect of methane as a contribution from stratospheric water
vapour given by

fenamzo = 0-011[\/CCH4 - \/CCH4:eqm] (2.49)

For other gases, the forcing relation can be treated as linear and expressed in the form:

fo = ayCy (2.4h)
wherethe IPCC Third Assessment Report quotesacrc—_11 = 0.25 Wm~2 (ppb) !t and acrc_i12 =
0.32 W m~2 (ppb) .
The HadCM 3 warming was specified as the response to a delta-function forcing as:

Wetautt (£) = 0.0744423 exp(—t/8.4007) + 0001038 exp(—t/409.54) (2.5a)

which is used in the form expressing the temperature increase, 7'(t), in terms of the forcing,
F(t),as

T = [ Wt — ) () de: (2.50)

to
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Figure 2. Prescribed aerosol forcing. Future values based on A2 ‘SRES
scenario. The smaller magnitude component (of each pair once more than 2
are plotted) isdirect forcing, the larger magnitude isindirect forcing.

Response function representations of a number of other climate models are listed by den Elzen
et a. (1999: Table 3.4).

Similarly, the HadCM 3 sea-level rise was specified as the response to a delta-function forcing
expressed as:

Vietautt (t) = 6.659 x 10™* exp(—1/1700.2) + 3.85 x 10" exp(—t/33.788) (2.6a)

which is used in the form giving the sea-level rise, S(t), as

s = [ Vit — #)F () d: (2.60)

to

The results of calculations using these default specifications are shown in the various figures
as the ‘Default’ curves. Concentrations for the historical period are shown in Figures 3, 5 and
7 for CO,, CH,4 and N,O respectively. The corresponding results for 1800-2100 (i.e. with the
default SRES A2-marker scenario) are shown in Figures 4, 6 and 8. Figure 9 shows only results
from the default case and gives the radiative forcing and its contributions from CO,, CH,, N,O
and the two aerosol contributions. Figure 11 gives the warming for 1800-2100.

To summarise, the choicesfor the ‘ default’ for aspects where the specifications were incompl ete
are:
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t CO, CH, N,O

yr PgCy' TgCH,y! TgNy!
1990.5 7.10 310.0 6.7
2000.5 7.97 323.0 7.0
2010.5 9.58 370.0 8.1
2020.5 12.25 424.0 9.6
2030.5 14.72 486.0 10.7
2040.5 16.07 542.0 11.3
2050.5 17.43 598.0 12.0
2060.5 19.16 654.0 12.9
2070.5 20.89 711.0 13.9
2080.5 23.22 770.0 14.8
2090.5 26.15 829.0 15.7
2100.5 29.09 889.0 16.5

Table 1. SRES A2-marker scenario (Nakicenovic
et al, 2000: p471).

e In the absence of specified initial conditions we use 280 ppm for CO,, 700 ppb for CH,
and 275 ppb for N, O, based on the IPCC Third Assessment Report.

e In the absence of specified default for historical emissions of CH, and N,O, we have
used the EDGAR-HYDE estimates (Aardenne et a., 2001). These have been back-
extrapolated (linearly) to zero in 1750.

e We have also used a linear back-extrapolation to zero in 1750 for CO, emissions from
Land-Use Change.

e We have included an indirect contribution to radiative forcing from stratospheric H,O
produced in situ by oxidation of CH, (Shine et al., 1990).

3 Validation of CO, concentrations

3.1 Background

An important emphasisin this report is on exploring alternative parameterisations of the carbon
cycle. Thisis motivated by:

e results such as Enting et a. (1994) concluding that budget uncertainty is the main con-
tribution uncertainties in projections of future CO, concentrations (for a given emissions
scenario);
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e den Elzen and Schaeffer (2000: Fig. 4d)) finding that carbon budget uncertainty (specif-
icaly the role of deforestation) was the main contribution to uncertainty in attribution of
relative responsibility for the warming to 1990.

Our modelling framework is being developed to build on our work on uncertainty anaysis:

e work on treating the emissions as time series whose values and uncertainties are to be
estimated (Trudinger, 2000; Trudinger et al., 2002a,b);

e our approach to capturing model uncertainty through a Bayesian calibration (Enting and
Pearman, 1987; Enting and Lassey, 1993; Trudinger, 2000);

e thework by Enting and Trudinger (2001) characterising uncertaintiesin CO, projections
in terms of the Laplace Transforms of model responses.

Over the historical period, the primary comparison is with the concentrations observed either
directly or recovered from gas trapped in polar ice. However, as can be seen in Figure 3, for
CO, the reference case follows this curve closely. For the 21st century, the comparison must,
of course, ssimply compare the ssmple models to the reference case.

The comparisons of the concentrations of CO, over the historical period (Figure 3) and for the
period to 2100 using the SRES A2-marker scenario (Figure 4) indicate a number of discrepan-
cies. On the whole, these are to be expected on the basis of current understanding:

i For CO,, the 1940's dip is not explicable on the basis of the emissions estimates. This has
been further studied by Trudinger (2000) who noted that the ice-core record represents a
smoothing of the atmospheric record. The flux variations that caused the dip must have
been of larger amplitude than would be implied if the ice-core record was treated as an
unsmoothed record of atmospheric concentration.

ii the known non-linearitiesin the response of CO, (see Section 3.3 below) mean that response
functions linearised about pre-industrial conditionswill give a poor representation at high
CO, concentrations. Therefore the increasing discrepancy over the 21st century isto be
expected.

3.2 Budget and calibration

As noted above, current carbon budget uncertainty has been identified as a maor contributor to
uncertainties in both projections of future CO, and attribution of responsibility. Carbon budget
uncertainty has generally been addressed in terms of the air/sea partitioning. However, den
Elzen and Schaeffer (2001) noted that is was uncertainties in deforestation (i.e. uncertaintiesin
the partitioning between forcing and response) that made the greatest contribution to uncertainty
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in attribution. In this context, it is important to consider what Enting (2002: Fig. 14.2) termed
the ‘functional role of the carbon fluxes.

This issue is illustrated by comparing two aternative views of the so-called ‘missing carbon
sink’.

i The missing sink is an aspect of natural variability (as, for example, explored by Dai and
Fung, 1993). Regardless of any systematic trend over recent years, the best estimate for
the future behaviour of these processesistaken aszero. Thisisthe assumption underlying
anumber of the calculations reported in the 1990 IPCC report (e.g. Enting, 1991).

ii The missing sink is due to processes linked to global change and this linkage will continue
into the future. On this basis, the process is often modelled as CO,-fertilisation, recog-
nising that this may be a proxy for a range of processes such as nitrogen fertilisation.
This modelling approach was adopted for the set of model runs reported by Enting et al.
(1994) which contributed to the IPCC Radiative Forcing Report and the Second A ssess-
ment Report.

For the present study, the ‘functional role’ classification from Enting (2002) can be re-expressed
as.

direct anthropogenic forcing These are the emissions that result from human action without
a causal dependence on the atmospheric concentration.

response to anthropogenic forcing These are the fluxes that change in response to anthro-
pogenic changes in atmospheric concentration.

natural variation This will be things such as flux variations driven by climate variability as
well as ‘internal’ variation due to such things as disturbance and succession in terrestrial
ecosystems and circulation/production variations in the oceans. Enting (2002: Section
6.1) noted that the extent to which these variations should be modelled as deterministic
vs. stochastic processes will depend on what other information is available.

Wigley and Raper (1992) presented cal culations comparing the two budgeting approaches de-
scribed above. They termed them the ‘no-feedback’ and ‘feedback’ cases respectively and
claimed that case (ii) represented balanced carbon budgets while (i) represented unbalanced
budgets. Both aspects of this terminology are misleading and inappropriate. As indicated
above, the difference lies in how the budget is balanced, not whether it is balanced. Since
CO,-fertilisation represents a direct response to increased atmospheric CO, (as does air-sea
gas exchange) there seems to be little scientific or semantic justification for describing CO,-
fertilisationasa‘feedback’, and real potential for confusion with theinfluence of climate change
on the carbon budget.

Wigley and Raper (1992: Fig 1) indicate that the difference in the approach to budgeting will to
changes of order 50 to 80 ppm in CO, concentrations projected for 2100 with a given scenario.

10
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Note however, that the specific values given by Wigley and Raper incorporate an error that
effectively leads to double-counting of the recovery from land-use change (Enting et al., 1994:
Technical note A.6.B).

Figure 3 shows a general agreement between the observations and model, apart from the 1940's
dip. For more detailed comparisons we can follow the Enting et al. (1994) study and compare
the 1980’ s budget in more detail.

Aswell as the default response, and our preferred representation (described in Section 3.3) we
consider two additional responses:

Rpernisar(t) = 0.1369 + 0.1298 exp(—t/371.6) + 0.1938 exp(—t/55.70)
+0.2502 exp(—t/17.01) + 0.2086 exp(—t/4.16) + 0.0807 exp(—t/1.33) (3.2.1)

specified as an option in the SBSTA intercomparison, and
Rpemanit(t) = 0.130164 4 0.333279 exp(—t/4.144656)

+0.260540 exp(—t/18.587414)+0.165742 exp(—t/58.455562)+0.110275 exp(—t/414.962281)
(3.2.2)
quoted by Enting et ., (1994: Table 9.4).

The comparisons for 1980 to 1990 are:

Case Response Co C(1980.5) (C(1990.5) growth
(Egn.) ppm  ppm ppm ppmy~!
Obs. 282.5 1.53
Default Bern:TAR (2.1) 280 3435 359.4 1.59
Bern:SAR (3.21) 280  340.6 356.5 1.59
Bern:INIT (3.22) 280  338.3 355.4 151
Preferred Various 280 336.8 352.2 1.54

Ideally, one would like to be able to use this type of comparison as away of choosing between
simple models. There are, however, a number of aspects that limit what can be achieved:

e The problem of using emissions and concentrations to estimate the model responseisill-
conditioned. Given arelation C(t) — Cy = [ R(t — t')E(t') dt’, deconvolution for R(.)
given C(.) and E(.) is mathematically the same as the ‘ standard’ deconvolution for E(.)
given C(.) and R(.) (Enting, 2002: Section 6.6).

e Thedifficulty in assessing uncerainty can be characterised as one of finding the appropri-
ate set of basis functions to characterise the uncertainty. This has some analogies to the
aggregation problem encountered in synthesis inversion (Kaminksi et a., 2001; Enting,
2002: Section 8.3).

11
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Figure 3: Historica CO, concentrations. reference case (dotted line); cal-
culated with default emissions and responses (solid line); calculated with
preferred emissions and responses (dashed line); ) Law Dome ice core data
(Etheridge et a., 1996) (open circles).

e A further difficulty is that emissions are not exactly known. In the worst case, this can
lead to circularity (and under-estimation of errors) if models are ‘validated’ with model-
derived emission estimates, and at best one is faced with a complex estimation problem.

Some potential solutionsto these difficulties can be identified:

e Enting (2002: Box 8.1) quotes Anderssen (1977) as noting that sometimes one does not
actually want the solution of such inverse problems, what isrequired is some linear func-
tional of the solution. In such cases, Anderssen recommends using techniques that calcu-
late the functional directly.

e Asaspecific example, Enting and Trudinger (2001) characterised uncertaintiesin projec-
tions of future CO, in terms of airborne fractions. Using the expression for airborne frac-
tionin terms of the Laplace Transform of the response (e.g. Enting, 1990), they suggested
that uncertainties in future projections could be parameterised in terms of how accurately
the airborne fraction could be estimated over a calibration period and the sensitivity of
the airborne fraction to changes in emission growth rate.

e In analogy to the Enting and Trudinger analysis, we can expect that relative responsibil-
ities for the greenhouse effect will depend on two characteristics: (a) the relative levels
of emissions over the attribution period (b) differences in the time distribution within

12
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the period. The contribution to relative responsibility from (@) should be insensitive to
intermodel differences but differences in relative responsibility associated with different
time distributions of emissions can be expected to be sensitive to intermodel differences.
(CHECK RIVM STUDY)

A number of proposals have been made for ad hoc tuning of response functions:

e The specifications for the SBSTA intercomparison suggest that this should be done via
the A, factors.

e An alternative (T.M.L. Wigley: persona communication — is this written up some-
where?) isto modify response functions by (linear) transformation of the time argument.

However, in adopting such tuning, the important point is to ensure that the formalism does
not inappropriately reduce the uncertainty. In terms of the discussion above, the tuning should
not restrict the range of variation of the linear functionals that reflect attribution, unless such a
restriction is inherent in the data used for tuning.

3.3 Non-linearity

An important complication in analysing attribution of the greenhouse effect is the non-linearity
in the response of CO, from emissions. This non-linearity arises from two main causes:

e non-linearity in the relation between carbon content and CO, partial pressurein the ocean
surface layer;

¢ non-linearity (and likely saturation) of the CO,-fertilisation effect in the terrestrial biota

The limited validity of linear response function has long been known. Examples explicitly
noting different behaviour at higher concentrations are given by Maier-Reimer and Hasselmann
(1987) for ocean response functions and Enting et al. (1994) who reported 3 different response
functionsfor the Bern model under conditions of perturbationsfrom (a) pre-industrial (equation
3.2.2); (b) fixed 1990 emissions; (c) the S650 stabilisation scenario.

Because these non-linear effects are most important for future, there are only inter-model com-
parisons possible. Historical data are little-influenced by the non-linearity. The difficulty is
particularly acute for non-linearity in CO, fertilisation. In comparison, for air-sea gas exchange
the non-linearity is weaker and the behaviour can be predicted from a combination of direct
chemical measurements and calcul ations of chemical equilibrium.

A number of computational techniques have been developed to represent the non-linearity

13
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Figure 4: Projected CO, concentrations, for SRES A2-marker scenario. refer-
ence case (dotted line); calculated with default emissions and response (Solid
line); calculated with our preferred representation based on explicit non-linear
expressions for air-sea exchange and NPP (dashed line).

e Wigley (1991) interpolated between response functions reported by Maier-Reimer and
Hasselmann (1987);

e Joos et al. (1996) proposed explicit modelling of air-sea CO, exchange and a response
function describing the ocean mixed layer. This approach requires a model of the terres-
trial carbon response. This can be excluded explicitly, or included as an enhanced NPP
(asan explicit non-linear function) and a decay expressed as alinear response to NPP.

To further quantify the significance of these non-linearities, an additional calculation was per-
formed using the 1S92a emission scenario. Using response Riem.tar gave a concentration of
624 ppm in 2100. re-do with changed W (t) Thisis lower than results reported by Enting et
al. (1994). The models in that study gave ranges, clustered in two groups, around 685 ppm
and 725 ppm. This confirmsthat, as expected from response functions describing perturbations
about pre-industrial conditions, Riem.1ar givesresultsthat are too small when applied to larger
emissions over the 21st century.

Our ‘preferred’ representation of CO, isessentially that described by Jooset a (1996). It hasan
explict (non-linear) expression for NPP, an explicit (weakly non-linear) expression for air-sea
gas exchange, a response function describing mixed layer concentrations responding to air-sea
exchange, a response function describing how the respiration and decay in the terrestrial biota
responds to changes in NPP. The model expresses the rate of change atmospheric CO, content
as emissions minus NPP plus respiration minus air-sea exchange. The specific equations are:

14
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For the net-primary-production (NPP):

(G = 1)(C = Co)
~(Co — C,) + (C = C))

(I)i\IPP = (I)NPP(C) - (I)NPP:eqm = a(I)NPP:equ (331)

following Enting and Lassey (1993) in the use of the expression from Allen et al. (1987). Here
C. is the concentration at which photosynthesis ceases, taken as 80 ppm, G, is the limiting
enhancement, taken as 2.4 and the equilibrium NPP is taken as 100 GtCy . Notionaly, the
factor o respresents the fraction of the terrestrial NPP to which this enhancement applies. It
was used as a tuning parameter by Enting and L assey.

The air-sea gas exchange is expressed as:
cI)AS =K [Ma — Ma:eqm - nglnMa:eqm/Mm:eqm] (332(1)
with
Yy = M,/ Mn.eqm (3.3.20)
and (from Bacastow, 1981)

£(y) = 9.36 + 59.56y + 4558y (3.3.2¢)

The response of the mixed-layeer to air-seaflux is expressed as:
Miy(t) = [ Ruiseat = #)0s (') dt (3:3.3)

and the atmospheric budget is written as

d
M, = B(t) — s — Oxpp + / Raecay (t — ') xpp () dt (3.3.4)

The Bern model biosphere model has
Rgecay:Bern = 0.70211 exp(—0.35¢) + 0.013414 exp(—t/20)

—0.71848 exp(—55t/120) 4 0.0029323 exp(—t/100) (3.3.5a)

However, for the present,we use a simple 2-box form of
RBDM == 08)\1 exp(—)\lt) + 02)\2 exp(—)\gt) (335b)

with A\7' = 2 yrand ;' = 50 yr. This approximates the behaviour of the two-reservior bio-
sphere used in our work with the box-diffusion model (e.g. Enting and Lassey, 1993; Trudinger,
2000). With this response function, balanced carbon budgets (balanced according to option (ii)
of Section 3.2) correspond to NPP enhancements with G, =~ 2.4 and a &~ 1. Our numerical
studies have found that the balance between @4, and the respiration/decay response are very
sensitive to the form of the latter. This needsto be carefully considered in the uncertainty anal-
yses for attribution calculations. Studies of terrestrial response, such as those of Meyer et al.
(1999) and Thompson and Randerson (1999), may provide a useful starting point for refining
our model.
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In describing mixed layer responses, Joos et a. (1996) used distinct representations for short
times and times longer than about a year. For the present, we use a single representation based
on the long-time form of the HILDA model response from Joos et al. with the amplitude of the
fastest decay rescaled to give Riixeq(0) = 1. This should be an acceptable approximation for
the present studies but it may be unsuitable for isotopic studies.

Runixed ~ 0.022936 + 0.674747 exp(—t/1.2679) + 0.13963 exp(—t/5.2528)

+0.089318 exp(—t/18.601) -+ 0.037820 exp(—t/68.736) + 0.035549 exp(—t/232.3) (3.3.6)

Thisformalism defines our ‘preferred’ case for CO,, with the parameters tuned to a®xpp.eqm =
88 GtCy L. Figure 3 showsthat this representation gives agood fit to the observational dataand
Figure 4 showsit reproduces the behaviour of the reference case more accurately than would be
expected from the spread of models reported by Enting et al. (1994). 1S92ain 2100 is...

There are many ways in which one might refine this case. For example, following Trudinger
(2000), we could start our integrations from the value 282.5 ppm, reflecting concentrationsfrom
before the Little Ice Age. In other words, the Little Ice Age would be treated as an anomaly
with little impact on the post-1800 CO, record. Thisis consistent with '3C data from ice cores.

16
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4 Validation of concentrations of other greenhouse gases

4.1 Methane

The comparisons of the concentrations of methane over the historical period (Figure 5) and
for the period to 2100 using the SRES A2-marker scenario (Figure 6) indicate a number of
discrepancies. Aswith CO,, these are to be expected on the basis of current understanding:

i the EDGAR methane budget is consistent with older estimates of order 10 years for the
methane lifetime and thisis inevitably inconsistent with the newer estimate of 8.4 years.

ii Over the 21st century, the 8.4 year lifetime leads to increasing discrepancies from the refer-
ence case, alonger lifetime being needed. This is expected because of methane’s effect
on its own lifetime, although quantitative modelling would have to include the effects of
other gases (e.g. CO) on the methane lifetime. Analysing the budget of the reference case
indicates alifetime of 10.1 years at the end of the 21st century.

For our ‘preferred’ representation of CH, we use the initial refinement of a time-varying life-
time.

At=84  fort <1900
A7t =8.440.8(t — 1900)/100  fort > 1900

Figures 5 and 6sdhow that this gives results that are significantly closer to the reference case
than those given by the default.

The modelled concentrations are higher than the ice-core data. An offset is to be expected
because of the spatial gradientsin methane concentrations. However, the offset shownin Figure
5islarger than that implied by spatial gradients.

In defining a ‘ preferred case’ our aim is to have a parameterisation that can be used in a con-
sistent way with the other model components, so that changes in components can be explored
independently. However, in exploring the significance of any model component, we would usu-
ally expect to go beyond the parameterisations of our preferred case for that component. The
role of the preferred case in such studiesis to specify the behaviour of the other components.

4.2 Nitrous oxide

The comparisons of the concentrations nitrous oxide over the historical period (Figure 7) and
for the period to 2100 using the SRES A2-marker scenario (Figure 8) indicate a number of
discrepancies. As with CO, and CH,, these are to be expected on the basis of current under-
standing:
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Figure5: Historical CH, concentrations. reference case (dotted curve); calcu-
lated with default emissions and response (solid curve); preferred case, using
linearly-varying lifetime after 1900 (dashed curve); Law Dome ice core data
(Etheridge et a., 1998) (open circles).

i The EDGAR-HY DE emission estimates are too small to match the observed concentrations.
The back-extrapolation to 1750 improves the agreement dlightly (since the long lifetime
means that the effect of early emissions persists). However the main cause of the discrep-
ancy is that the EDGAR-HY DE estimates for 1990 are 2.85 Tg N y ! while the IPCC
Third Assessment Report (Prather et a. , 2001) indicates that atmospheric budget analysis
implies an anthropogenic N,O source of 5.7 TgN y .

ii Comparison with the reference case suggeststhat the lifetime decreases over the 21st century.
This is understood in terms of other changes in the chemical composition of the atmo-
sphere (e.g. Prather et al. 2001, and references therein). However analysing the budget of
the reference case indicates a lifetime of about 140 years at the end of the 21st century.
Compared to the reference case, the default and preferred cases seem to have lifetimes
that are too long early in the 21st century.

For our ‘preferred’ representation of N,O we use a deconvolution of ice-core data. The emis-
sions over the historical period are calculated as

d
Exzo = %Omo + Cn20/120.0] /Ax20 (4.2.1)

Since these emissions are derived directly from observed concentrations, comparisonswith con-
centration data do not provide an validation of the model. In this case, the circularity involved
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Figure 6: Projected CH, concentrations, for SRES A2-marker scenario. ref-
erence case (dotted curve); calculated with default emissions and response
(solid curve); preferred case, using linearly-varying lifetime after 1900 (dashed
curve).

in using concentration data to validate emission estimatesis clear. In cases where various forms
of tuning have been applied, the circularity can still be present but less obvious.

The incomplete understanding poses a problem for attribution calculations. The ‘preferred’
case here represents a‘worst case’ making use of no independent source estimates of N,O over
the historical period. While this can, no doubt, be improved, uncertainties in the global budget
inevitably imply uncertaintiesin attribution of components.

4.3 Halocar bons

The halocarbons bring additional complications. The Kyoto Protocol explicitly excludes gases
whose emissions are restricted by the Montreal Protocol (including its various amendments).
However, since the Brazilian proposa aims to go beyond the Kyoto Protocol, there is no a
priori reason for excluding the halocarbons. Currently, the combined radiative forcing from the
halocarbons lies between that from methane and that from nitrous oxide. Clearly there is an
element of responsibility for the emissions, and compared to other minor gases, the emissions
data are of relatively high quality, having been assembled because of the ozone-depleting role
of these compounds. Therefore, inclusion of the halocarbonsis likely to increase the proportion
of forcing and warming that can be reliably attributed.
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Figure 7: Historica N»O concentrations. reference case (dotted curve); (b)
calculated with default emissions and response (solid curve); preferred case,
based on spline fit to ice core data (dashed curve).
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Figure 8: Projected N, O concentrations, for SRESA2-marker scenario. refer-
ence case (dotted curve); calculated with default emissions and response (solid
curve); preferred case with emissions during historical period obtained by in-
version of ice core data (dashed curve).
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One complication that occurs for CFC-12 (CCl,F;) (and to alesser extent other halocarbons) is
the time delay between production (and application) and the emission through |eakage during
use and disposal.

For our preferred case, we use only CFC-11 and CFC-12, and specify concentrations according
to the * Copenhagen-like’ scenario given by the IPCC (Prather et a., 1996: Table 2.5d).

21



CS RO Atmospheric Research Technical Paper no. 56

5 Validation of forcing and climate

5.1 Forcing

As noted by the SBSTA experts meeting in Bonn (SBSTA, 2001), validating models against
observed temperatures requires that all sources of radiative forcing be included — arather com-
plex task. Apart from the greenhouse gases, (and gases that indirectly affect the atmospheric
budgets of greenhouse gases) the main influences are:

o direct radiative effects of aerosols— this depends on the type of aerosol, with athree-way
classification into sulfate, carbon and organic commonly used,;

¢ theindirect effect of aerosols through their role as cloud condensation nuclei;
e changesin stratospheric and tropospheric ozone;

e variationsin solar irradiance.

These represent a mixture of anthropogenic and natural influences.

The two difficulties are:

e thereis, in many cases, poor knowledge of relation between the radiative forcing and the
proximate cause that drives the forcing;

e there is generally poor knowledge of the historical pattern of either the forcing or its
driver.

|PCC technical paper no. 2 (Harvey et al., 1997) givesanumber of paramterisations of theforing
in terms of drivers. These would provide a starting point for extending the present calculations.

There have been a number of attempts to use empirical fitting to combine estimated histories
of forcing. Two such studies are those of Stott et al. (2001) and Forest et al. (2002). Important
aspects of the methodology in each case are (a) fitting spatial patterns of response, not just
global mean time histories (b) presenting the results in terms of multi-variate distributions of
estimates.

5.2 Climate response

As noted in the previous section, uncertainties in the historical forcing severely limit the scope
for using calculated vs. observed warming as a basis for choosing between aternative climate
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model responses. Any such studies need to be undertaken (as in the references cited above) as
joint estimation of climate parameters and forcing parameters.

Beyond such studies, all that we can do is compare a number of different cases, including
the default, the response from Hasselmann et al. (1993), the time-dependent response from
Watterson (2000) and various cases reported by den Elzen et al. (1999). Two that we note are:

Default Thisisthe HadCM 3 response, described by equations (2.5a). Our ‘ preferred’ case also
uses (2.5a) since the aim is to reproduce the results of the HadCM 3 model.

ECHAM-1 Thisisthe single exponential response function given by Hasselmann et al. (1993).
We have used thisin our previous studies (Enting, 1998; Enting and Law, 2002).

Results for the default are are shown in Figure 11. It can be seen that, with the ‘preferred’
representati ons of greenhouse gases, the temperature curve givesan improved it to the reference
case.

Possible extensions to the analysis of the warming response are:

e Re-parameterise the time-dependent response given by Watterson, so that non-linearity is
included explicitly rather than being incorporated through time as a proxy variable.

e Compared to other representations of climate response, equation (2.5a) combines a short
time and a very long time, with no multi-decadal component. This is different from
many other parameterisations. An explicit consequenceisin the emission-timeattribution
calculations described in Section 6. Compared to the corresponding plots given by Enting
and Law (2002) which were cal culated with the ECHAM-1 response, the HadCM 3 case
has no un-realised warming on decadal time scales. Thisis likely to lead to significant
differences in the relative attribution for groups of nations having distinct time histories
of emissions, and so further studies of thisissue are essential.

6 Emission-time attribution

The *default’ cases illustrated in Figures 3, 5 and 7 illustrate the importance of the emissions
prior to 1890. While the fit can be improved by back-extrapolation of emissions, thisis essen-
tially empirical fitting and provideslittle basisfor partitioning these emissions between national
groups. Reliableinformation at the national level generally begins much later.

The SBSTA intercomparison specifies 3 start dates: 1890, 1950 and 1990. It also specifies
cal culations with emission end dates of 1990, 2000, 2050 and 2100, with attribution cal culations
performed for 2000, 2050, 2100 and 2500. We denote the three times involved as ¢, the start
time, ¢, the end time for emissions and ¢,, the attribution time. In order to clarify the issues
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Figure 11: Projected warming, for SRES A2-marker scenario. reference
case (dotted curve); (b) calculated with default emissions and response (solid
curve); calculated with preferred model (dashed curve).
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involved, we present (for the default case) the type of ‘time-sliced’ plot discussed by Enting and
Law (2002). The various curves annotated with particular years give the amount of warming
dueto al emissionsprior to that year. Following Enting and Law, we use the notation W (¢, t2)
to denote these curves, where the horizontal axis corresponds to ¢, and the curves are for the
specific values of ¢, as shown on the plot. To find the warming, at time ¢, due to emissions
starting at ¢; and ending at t,, we simply take the difference W (t,,t2) — W (t,4,t1), i.e. the
difference, on the plot, at timet,, between the t, and ¢, curves.

Enting and Law (2002) noted that for non-linear relations (e.g. the relations beteen concentra-
tions and forcing) there could be inconsistencies between attribution partitioned by time and
attribution partitioned by nations. Thiswould occur with either proportional attribution or with
the differential form proposed by Enting (1998). Enting and Law proposed an alternative attri-
bution formalism that, at the cost of some computational effort, was explicitly consistent with
emission-time-attribution. Consistency with the emission-time-attribution approach is needed
once the attribution is calculated using alternative start dates.

Therole of aerosols adds a significant complication to thisissue. Figure 13 shows the partition-
ing of warming according to time of emissions of gases, with the aerosol forcing continuing.
It indicates that until atime somewhat after 1990, cessation of gas emissions while continuing
aersol forcing could lead to near-zero warming within a few decades. In contrast, Figure 14
shows cases in which the emissions and the aerosol forcing cease simultaneously. The most
immediate consequence is a rapid warming, reflecting the 8-year component of the HadCM?2
response (see equation 2.5b).

Hansen et al. (2000) noted the importance of aerosol forcing, and the linkage between CO,
emissions and aerosols. While this linkage is strong for globa aggregates, there are signifi-
cant differences between nations in the degree of linkage between aerosol emissions and CO,
emissions.

7 The SBSTA experts’ recommendations

The SBSTA assessment is based largely on recommendations from the Bonn experts’ meeting
(SBSTA, 2001). While the present set of calculations merely represent an initial validation
stage, it is important to review the recommendations to identify what subsequent steps are
needed. The specific recommendations (using the paragraph numbering from SBSTA, 2001)
for calculations were (in paraphrased form):

26 to use (and compare) arange of different indicesfor defining responsibility;

28 to present resultsin terms of a variety of socio-economic indicators;

32 uncertaintiesin attribution should be estimated;

34 the SRES scenarios should be used to examine sensitivity of attribution to scenario differ-

ences,
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Figure 13: Emission-time-attribution of warming for default case. Solid curve
asin Figure 11. Dashed curves are for CO,, CH, and N,O emissions ceasing
at 1890, 1950, 1990 and 2050. Aerosol forcing continues as shown in Figure
2.
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Figure 14: Emission-time-attribution of warming for default case. Solid curve
as in Figure 11. Dashed curves are for CO,, CH, and N;,O emissions and
aerosol forcing al ceasing at 1890, 1950, 1990 and 2050.
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36 all greenhouse gases should be included for future periods;

37 calculations should assessthe sensitivity to uncertaintiesin historic data, with various choices
of start date;

38 arange of carbon cycle models should be used,
47 the sensitivity to differences in temperature responses should be examined;

49 the sensitivity of parameterisations of sea-level rise should be investigated.

The experts also noted anumber of other mattersthat were important for the calculations. These
included:

41,44 the need to include all contributions to radiative forcing to allow for validation against
observed temperatures,

45 the need to include non-linearitiesin the relations between concentrations and forcing;

48 the need to include all contributions to sea-level rise.

It was also recommended [30] that the code for participating models should be available.

Given these recommendations, we need to assess our modelling interms of its ability to address
them. Overdl, the highly modularised form that we have adopted provides a good basis for
performing the requisite sensitivity studies. It has been possibleto define a‘ preferred’ case that
is sufficiently close to the reference case from a full GCM, that aternative parameterisations
(and the associated uncertainty ranges) can be evaluated in terms of whether the agreement
with the reference remains satisfactory.

8 Sensitivity analysis

In studying the sensitivities in attribution calculations it is extremely important to distinguish
two different aspects:

e the extent to which the results are sensitive to uncertainties in the science;

¢ the extent to which the results are sensitive to the choice of methodology.

A number of sensitivities related to each of the classes have been investigated by den Elzen
et a. (1999) and more comprehensively by den Elzen and Schaeffer (2000). CHECK if now
published in Climatic Change

They mainly considered the relative attribution to Annex-1 and others, and identified most im-
portant scientific uncertainty as:
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e the size of the carbon flux from land-use change and its influence on the carbon budget.

They found that the greatest sensitivity to choice of methodology was (in order of decreasing
importance):

e theinclusion of all CO, sourcesvs. only fossil CO,;
e theinclusion of all gasesvs. only CO,;

e taking account of non-linearitiesin radiative forcing.

Characterising the uncertainty in parametric models raises the question of the appropriate pa-
rameter space to use. In many cases the parameter space required for specifying uncertainties
is likely to be larger than the minimal parameter space required to specify the model. Indeed
a ‘full’ characterisation of model uncertainty may well require a very large parameter space.
However, for the SBSTA exercise, the requirements are, fortunately, much more specific and
achievable. What is required is a knowledge of those aspects of model uncertainty that con-
tribute to uncertainty in attribution. As noted in Section 3.2, we are really interested in a func-
tional of the model and therefore only need consider sensitivities and uncertainties within a
restricted space.

In exploring ranges of uncertainty from models, the primary constraints come from observa
tions. One needs to determine uncertainty ranges subject to acceptable (but not neccessarily
exact) agreement with observations in a complex, multi-parameter system. Our previous ex-
perience is that a combintation of Bayesian calibration, combined with a Lagrange multiplier
formalism for exploring extrema of functionals, provides an effective numerical technique for
performing such studies (e.g. Enting and Pearman, 1987; Enting and Lassey, 1993).

9 Conclusions

The results presented in this report were calculated using a newly-devel oped modelling frame-
work based on an object-oriented programming approach. Defining ‘objects with, so far as
possible, standard interface characteristics, has enabled us to explore arange of different com-
binations of simple model components. The emphasis has been on addressing the specifications
of the SBSTA intercomparison — demonstrating the ability of the ssmple (parametric) models
to reproduce the behaviour of more complex (mechanistic) models. Conversely, in cases where
the simple ‘ default’” modelling approach appears incapable of reproducing the behaviour of the
more complex models, relatively simple refinements have been identified, enabling our models
to reproduce the specified behaviour.

The results of the comparisons can be summarised in afew general points:
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i Matching future concentrations calculated by a more complicated model requires the use of
a simple model with non-linear behaviour. Non-linearities in the uptake of CO, become
increasingly important over the 21st century, as do, to a lesser extent, non-linearities in
the response of CH, and N, O.

ii If the concentrations over the 21st century are in agreement with those obtained using a
more complicated model then the warming matches that of the GCM (if using the default
response — from the GCM!!).

iii The result that simple models can capture the behaviour of more complex models is hardly
surprising. Such models have been used in thisway for many years, and their use by the
I PCC has been the subject of aspecial technical paper (Harvey et al., 1997). What remains
to be demonstrated is the relation between the parameter space required to reproduce the
behaviour and the parameter space required to characterise the uncertainties.

iv. The emission-time-attribution calculations reveal some of the factors discussed by Enting
and Law (2002). Comparing the * 1890, ‘1950’ and ‘1990’ curves showsthat, over much
of the 21st century, the attribution of warming to emissionsfrom the 1890-1950 vs. 1950—
1990 periods is, approximately, in the ratio 1:2. This confirms that, information about
pre-1950 sources is important, even if warming from such sources is not attributed. In
analysing such periods concentration data from ice-cores (and in some cases from the
CSIRO air archive) will be important. However, even with such data, the uncertainties
regarding current atmospheric budgets of greenhouse gases are likely to be a major con-
tribution to uncertainties in attribution.
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* Notation
a, Radiative effect per unit of gas in Wm~2 per unit mass. For GWPs, Wm2kg ! are used
(c.f. Enting and Law, 2002).
A, Scalefactor converting mass units to concentration units for gas 7.
Cy Equilibrium CO, concentration in pre-industrial period.
C. Minimum CO, for photsynthesis.
E(t) Emission rate, for CO, unless otherwise indicated.
F(t) Radiativeforcing.
G Maximum enhancement factor for NPP.
F,(t) Radiativeforcing from constituent 7.
M. Increasein ocean mixed layer carbon content above pre-industrial equilibrium.
R(t) Response function. For CO, unless otherwise indicated.
R, (t) Response function for gas.
S(t) Sealevel rise.
t Time(inyears).
to Initial time, before which net anthropogenic emissions were taken as zero.
t; Initial time, when considering anthropogenic emissions over afixed interval [t1, t5].
t, Final time, when considering anthropogenic emissions over afixed interval [t1, t5].
t, Timeto which attribution calculations apply.
T Temperature increase.
W (t) Response function for temperature increase driven by radiative forcing.
W (t,t') Warming at time ¢ due to emissions prior to time¢'.
V' (t) Response function for sea-level rise driven by temperature changes.
® 5 Air-seacarbon flux.
®ypp Net primary production.
d\pp INcreasein net primary production relative to equilibrium.
n (as subscript) generic subscript for greenhouse gases.
k Air-sea gas exchange rate, as inverse of atmospheric turnover time.
7, Lifetimefor gas.

¢ Buffer factor.
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