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Abstract. Emission metrics are used to compare the climatelRF on iGTP is small and falls within a range #f10 % for
effect of the emission of different species, such as carborall species and time horizons considered here.
dioxide (CQ) and methane (CkJ. The most common met- We have used the available data to estimate the IRFs, but
rics use linear impulse response functions (IRFs) derivedve suggest the use of tailored intercomparison projects spe-
from a single more complex model. There is currently lit- cific for IRFs in emission metrics. Intercomparison projects
tle understanding on how IRFs vary across models, and hovare an effective means to derive an IRF and its model spread
the model variation propagates into the metric values. for use in metrics, but more detailed analysis is required to
In this study, we first derive Cfand temperature IRFs explore a wider range of uncertainties. Further work can re-
for a large number of complex models participating in dif- veal which parameters in each IRF lead to the largest un-
ferent intercomparison exercises, synthesizing the results igertainties, and this information may be used to reduce the
distributions representing the variety in behaviour. The de-uncertainty in metric values.
rived IRF distributions differ considerably, which is partially
related to differences among the underlying models, and par-
tially to the specificity of the scenarios used (experimental1
setup).

In a second part of the study, we investigate how differ- Emjssion metrics are routinely used as a simple means of
ences among the IRFs impact the estimates of global warmeomparing the climate impact of the emission of various
ing potential (GWP), global temperature change potentialspecies. The most common emission metric is the global
(GTP) and integrated global temperature change potentiafyarming potential (GWP), but the global temperature change
(iGTP) for time horizons between 20 and 500 yr. potential (GTP) has received considerable attention more re-

Within each derived C® IRF distribution, underlying cently Fuglestvedt et 312003 Aamaas et a).2013. Both
model differences give similar spreads on the metrics in thghese metrics compare the climate impact of the pulse emis-
range of—20 to+40% (5-95 % spread), and these spreadssjon of a certain species with the impact of the pulse emis-
are similar among the three metrics. sion of the same amount of carbon dioxide g:Crhe GWP

GTP and iGTP metrics are also impacted by variation incompares the radiative forcing (RF) integrated from the time
the temperature IRF. For GTP, this impact depends stronglsf emission until a specified time, the so-called time hori-
on the lifetime of the species and the time horizon. The GTP,gp Shine et al.1990, while the GTP compares the global-
of black carbon shows spreads of up+60 t0+80% for  mean temperature change at a certain time after the emission
time horizons to 100yr, and even larger spreads for longefshine et al.2005. More recently, an integrated version of
time horizons. For Chithe impact from variation in the tem-  GTp was presented (iIGTP), and this compares the tempera-
perature IRF is still large, but it becomes smaller for longer-tyre change integrated from the time of emission until a time
lived species. The impact from variation in the temperaturengrizon Gillett and Matthews201Q Peters et a]2011, Azar

and Johanssqr2012. It is found that iGTP and GWP are
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268 D. J. L. Olivie and G. P. Peters: Variation in emission metrics

similar, with one quantifying the energy added to the sys-and Matthews201Q Reisinger et aJ.201J). In non-linear
tem (GWP), and the other quantifying the energy lost (iGTP)systems (for example increased photosynthesis by higher at-
(Peters et al2011;, Azar and Johansspf012. mospheric CQ concentrations — fertilization effect), the IRF
Together with the climate impact to be evaluated, the timewill be influenced by the size and timing of the pulstofss
horizon is an important quantity affecting the metric values et al, 2001 Eby et al, 2009 Joos et a].2013.
(Fuglestvedt et al.2003 Aamaas et al.2013. Frequently In principle, every system behaves linearly for small per-
used time horizons are 20, 100, and 500 yr for GWP, and 20turbations, and as metrics are defined as a tool to compare
50, and 100 yr for GTPRuglestvedt et 312003 2010 Shine  the impact of small emission changes (1 kg), there is a strong
et al, 2005 2007). A GWP with a 100 yr time horizon is by interest in this linear domain. Below a certain threshold, the
far the most common emission metric due to its applicationbehaviour of the IRFs will be rather independent of the size
in climate policies such as the Kyoto Protocol. of the pulse. For C@pulse sizes below 100 Gt[C], the IRF is
Emission metrics generally condense the complex befound to be linear, but the IRF still depends on the timing and
haviour of the climate response into a simple set of equathe emissions pathwaydgos et al.2013. The non-linearities
tions. In general, the behaviour of a dynamical system can beaused by the timing and pathway of emissions partially can-
described to a large extent by its response to a pulse pertucel (Caldeira and Kastingl993, though regular updates of
bation, and this response is called the impulse response fundRFs are neededrgisinger et a].2011;, Joos et a].2013.
tion (IRF). In the case of a linear system, the IRF completely IRFs are nevertheless useful and efficient means to de-
characterizes the dynamics of the system, and the response saribe the behaviour of more complex systems (or models).
a general perturbation can be expressed by the time convoluFhey allow fast and sufficiently robust metric calculations,
tion of the IRF with the general perturbatiowigley, 1997). and give the possibility to efficiently estimate the impact of
In the context of emission metrics, IRFs are used in twomany different scenarios, as long as one remains in a linear
ways. Firstly, they are used to characterize the atmosphericegime. In recent times, the GWP and GTP have useda CO
concentration of a given species following a pulse emissionIRF (IRFco,) based on an updated version of the Bern cou-
Most species will show a single exponential decay, but thepled climate—carbon cycle model (CC-model) described in
atmospheric C@ concentration following a pulse emission Plattner et al(2008 Bern2.5CC), and the temperature IRF
is more complexJoos et al.2013. Secondly, IRFs are also (IRF7) from Boucher and Redd¢2008 based on a simu-
used to characterize the global temperature change inducddtion with the UKMO-HadCM3 atmosphere—ocean general
by a pulse radiative forcingHasselmann et al1993 Sausen circulation model (AOGCM). As these IRFs are based on the
and Schumanr2000. If one additionally linearizes the ex- behaviour of only one parent model, one should regard their
pression for the radiative forcing to obtain the radiative effi- application with care as they may be outliers. It is thus rele-
ciency @Aamaas et al2013, one obtains a simple and useful vantto assess how IRFs (and consequently metric values) can
description of the atmospheric response to the emissions dfiffer among models. In recent years, many idealized simula-
radiatively active species through a simple combination oftions with CC-models and AOGCMs have become available
the radiative efficiency and IRFs. in intercomparison exercises, which can be used to derive
By using IRFs in the expression of emission metrics, thelRFco, or IRFr. The behaviour of these models differs con-
climate impact is explicitly decoupled into three indepen- siderably, and one of the aims of this study is to investigate
dent parts: (i) the additional radiative forcing for a marginal how this is translated into variations in the IRFs. We will also
increase in burden (radiative efficiency); (ii) the impact of use these derived IRFs to calculate GWP, GTP, and iGTP val-
an emission on the atmospheric burden; and, (iii) the im-ues, and quantify how they are influenced by variation in the
pact of radiative forcing on the global-mean temperature forlRFs.
temperature-based metrics. In a coupled system, temperature This work builds on former work where IRHs estimated
changes (which might be caused by a(qg@rturbation) will  based on AOGCM simulations performed within the CMIP3
modify the absorption of C®in the ocean directly due to project Qlivié et al, 2012. Here, we extend the estima-
the temperature dependency of the Clubility, but also  tion of IRF; to CMIP5 data Taylor et al, 2012, and use
by changes in the ocean circulation patterns, and by the biothe method additionally to estimate IB&, from recent in-
sphere, directly through increased respiration and photosyntercomparison exercises {&IP, Friedlingstein et a).2006
thesis or indirectly by changing precipitatiodops et al.  LTMIP, Archer et al, 2009 andJoos et al.2013. Due to
1996 Friedlingstein et a).2006 Archer et al, 2009. Many  the considerable number of models participating, we can en-
of these processes are non-linear and path dependent, afighten the variation of IRFs among models, and estimate the
thus the IRFs are only valid for specific conditions, such asimpact of variation in IREo, and IRF on metric values.
temperature (determining the G®olubility in the ocean) or  Uncertainties in the lifetime of the non-GQpecies and in
reference tracer concentration. In addition, the radiative efthe radiative efficiencies are not considered here, but have
ficiency of a specific species might also depend on its conbeen explored elsewher@/(ebbles et a].1995 Reisinger
centration and on the concentration of species with whichet al, 201Q Prather et aJ.2012. One must also be aware
there might be a spectral overlafafaka et a).2009 Gillett that spread in IRFs based on a model intercomparison does
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not necessarily represents the scientific uncertaiktyutti, We take into account the impact of @ldnd NO on their
201Q Reisinger et a).2010. Our work is comparable with own lifetimes Seinfeld and Pandis2006 Prather 2007).
Reisinger et al(2010, who presented uncertainty estimates Emissions of Cl also lead to the formation of tropospheric
for emission metrics of C®and CH, using a simple climate ozone and stratospheric water vapour (their radiative impact
model calibrated on CMIP3 AOGCM results anth@P CC- is included in the radiative efficiency of GH The radiative
model results (partially using results from OCMIP2). With forcing from CQ produced in the oxidation of CHis not
respect to their study, we study more species (black carbotaken into account, as this G@& often already accounted for
(BC), methane (Ch), nitrous oxide (MO) and sulfur hex- inthe CQ emission inventories (for its impact, sBeucher
afluoride (Sk)), and use data from more intercomparison et al, 2009. One should also be aware of the fact that tro-
exercises (LTMIP, CMIP5, andoos et a].2013. pospheric OH concentrations which determine the loss rate

The structure of the paper is as follows. In S&ctwe de-  of CH, are estimated to have uncertainties of arotiid %
scribe emission metrics and IRFs. In S&;twe describe the  (Reisinger et a).2017).

data and method we use to derive IRFs. In S&ctie present The perturbation lifetime of C®is more complex. A part
the derived IRFs, and the impact of variation in IRFs on emis-of a pulse emission disappears rapidly from the atmosphere
sion metrics. In Seck, we present our conclusions. on a timescale of 1 to 10yr, while a substantial part remains

in the atmosphere for a much longer tindec¢her et al, 1997,
2009. One mode is insufficient to describe the atmospheric
CO, burden evolution after a pulse emissiaiogs et al.
1996 Forster et al.2007 Archer et al, 2009. A satisfac-
tory description for the evolution of CQused inForster et al.
In the context of emission metrics, IRFs are used as a con(2007) is an expression with four modes £ 4 in Eq.1), and
densed way to describe the evolution of the atmospheric burth® corresponding values of andz; are given in the upper
den of species after their emission, or the evolution of thef®W Of Table3. Notice thatro = oo, indicating that 21.7 % of
global-mean temperature in response to a radiative forcing. Ehe er’r(1)|5251|(7))n is assumed to stay perpetually in the atmosphere
ap = 0. .
2.1.1 Burden IRFs If one additionally assumes that the RF is a linear function
of the atmospheric burden, then the evolution of the RF as
The evolution of the atmospheric burden after the pulse emisa function of time can be expressed by a simple multiplica-
sion of 1 kg of a specie¥X is often written as a sum of de- tion of the radiative efficiency and the IRRdmaas et aJ.

2 Emission metrics and IRFs

2.1 IRFs

caying exponential functions (modes), 2013. In general linearity does not hold for GOCHj, or
N2O where the RF shows a non-linear dependence on their
IRFx (1) — f ex —I (1) burden — moreover pO and CH have a spectral overlap
x(0) = i—Oal pt—i, (Ramaswamy et gl2001, Table 6.2). However, a linear ap-

_ - proximation can be used when assuming a marginal perturba-
with tion around a well-defined reference state. Approximate val-
n—1 ues for the radiative efficiency of different species are given
Za,- =1. (2) in Table1. The radiative efficiency of CO(see Tablel) is
i=0 based on the radiative forcing expression for G Ra-

maswamy et al(2001, Table 6.2), assuming a background
mixing ratio of 378 ppm [orster et al.2007, Sect. 2.10.2
and Table 2.14).

The atmospheric burdeBy (7) in response to any emission
scenarioEx (¢) can be written as the convolution integral

Bx(t) = (Ex ® IRFx) (1)

! 2.1.2 Temperature IRF
= / Ex(l‘/)lRFx(l‘—t/)dt/. (3)
—00 IRFs are also used to express the temperature evolution in re-

For most species one usually limits the expression to onsPonse to a specified radiative forcing. The expected global-

. . mean temperature changg(r), due to a radiative forcing
mode, where the unique in Eqg. (1) represents the pertur- can be approximately described by a convolution intearal
bation lifetime of the specied(athey 2007). In this study, pproxi y ' y volution integ

we consider species with a wide range of lifetimes to cap—Of the r.adlatlve forcing, R&), with the temperature IRF,
ture the different dynamics: BC, GHN2O, and Sk. BC IRF7 (1):

has a lifetime of around a week, but it may vary depend-

ing on the location and timing of the emissions, while CH !

N»O, and Sk have more stable lifetimes of around 12, 114, T(¢) = (RFQ IRFr)(¢) = / RFt)IRFr(t —t)dt'.  (4)
and 3200 yr, respectively (see Talile

—00
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Table 1. Lifetime and radiative efficiency of BC, CH CO,, N»O, and Sk (seeForster et al.2007, andFuglestvedt et a12010. For the
lifetime of COy, see Table.

BC CHy CO, N20O Sks

T (yn) 0.02 12 - 114 3200
Ax (Wm2kg 1) 1.96x10% 1.82x10713 181x10°1° 388x1013 200x10°11

The IRFy is often described as a sum of decaying exponen- The absolute global warming potential (AGWP) of a

tial functions, species is the time-integrated RF caused by the emission of
n _; 1kg of that species,
IRFr(t) =) “ exp—. 5
r(t) ; o P (5) H
This function describes the evolution of the global-mean”CWPx () Z/AXIRFX(t)dt’ )

temperature change afte§gulse radiative forcing (the in- 0

tegrated amount of forcing from &pulse imposed on the with A the time horizon, IRk (z) the burden IRF (see Ed),
system is comparable to a forcing of 1 Wduring 1yr).  andAy the radiative efficiency of specigs. The radiative

For a RF step scenario that jumps at 0 from 0 to 1 W n1?2 efficiency can depend on the background concentration, but
and remains constant at that value for 0, one finds, using  we assume a constant background as is common for emission
Egs. @) and 6), that the temperature evolutid(¢) can be  metrics (Joos et al.2013 Aamaas et al2013. The radiative

written as efficiency values we use are given in Tabld he dimension-
n —t less GWP of a species is the AGWP of that species divided
T0=) f (1 - exp7) : (6) by the AGWP of CQ,
i=1 !
This shows that the sum of thg¢ in IRF; can be inter- GWPx(H) = w (8)

AGWPco,(H) |

The GWP metric has been used extensively over the last two

oo in EqQ. 6). The climate sensitivity |s here defined as the decades to compare the climate effect of various species.

change in equilibrium global-mean temperature per unit forc- By combining the burden IRF and the temperature IRF,

ing (Hansen et al2005 Hansen and Sat@012. one can express the global-mean temperature response due
In the literature, one finds IRFexpressions witlh =1 to the emission of a species. The absolute global temperature

(Hasselmann et al1993 Shine et al.2005, n =2 (Hooss  change potential (AGTP) indicates the impact of the emis-

et al, 200% Boucher and Reddy2008, and n =3 (Li sion of 1 kg of a certain species on the global-mean tempera-

and Jarvis 2009. Using two time constants describes the ture at a certain time,

AOGCM temperature evolution response to a RF reasonably H

well (Boucher and Reddy2008 Li and Jarvis 2009 Olivié

and Stuber201Q Olivié et al, 2012, while one time con- AGTPx (H) = /AX IRFx (0 IRFr (H —)dr, ©)

stant is inadequate for most applicatioSine et al.2005 0

Gillett and Matthews201Q Olivié et al, 2012. Afrequently  with IRF7(¢) the temperature IRF (see E5). The dimen-

used expression with = 2 is the one presented Boucher  sionless GTP of a species is the AGTP of that species divided

and Reddy2008, and the corresponding values ffandz; by the AGTP of CQ,

are given in the upper row of Table For expressions with AGTPx (H)

n > 2, the first mode represents the fast response of the atmdsTPx (H) = ACTP () (10)

sphere, the land surface, and the ocean mixed layer, while the co, (H)

other modes represent the slow response of the deep ocean. The integrated absolute temperature change potential
(IAGTP) is the time integral of AGTP,

n
preted as the climate sensitivity, ie= Z fi (takingt —

2.2 Emission metrics

H
Emission metrics are a useful tool to efficiently quantify and IAGTPx (H) = /AGTPX (t)dr. (11)
compare the impact of the emissions of different species. 0

While emission metrics can also be calculated using morerpe dimensionless iIGTP of a species is the iIAGTP of that
complex models\WWuebbles et al.1995 Tanaka et a).2009 species divided by the iIAGTP of GO

2010 Reisinger et a) 201Q Gillett and Matthews2010, we .

use the IRF approach as described above due to its efficiencyg TPy (H) = M . (12)
repeatability, and utility in a wide range of applications. IAGTPco,(H)
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3 Method and data ocean, and terrestrial biosphere. The participating groups
performed 16yr-long simulations with CC-models, emit-
To obtain estimates for IRfo, and IRF, we use results ting CO, pulses of 1000 Gt[C] and 5000 Gt[C]. The refer-
from more complex models. As we are interested in pOSSibl%nce state was an atmospheric mixing ratio of 286 pprp.CO
uncertainties in emission metrics, we focus on data from in-  Different simulations have been performed, differing by
tercomparison exercises with different models participatingthe feedbacks taken into account in the CC-models. We

in the same experimental setup. have used the results from the reference simulation with
a 1000 Gt[C] pulse emission and no feedbacks — this is a
3.1 Data simulation performed by most of the models. These models

. . _are CCSED, CLIMBER-2, GENIES, GENIE16, GEOCYC,
Here we describe the data used to derive the IRFs. We W'”LTCM, MESMO, MPI-UW, and UVIC-2.8. A short descrip-
also shortly describe the data on which the referencedF 1o of these models can be foundAncher et al(2009 and
(Forster et al.2007) and IRFr (Boucher and Reddy2008§ a9 et al(2009. With one of these models (UVIC-2.85by
are based. An overview of some of the characteristics of they 5| (2009 further illustrate that the time required to absorb
intercomparison exercises can be found in Table anthropogenic C®strongly depends on the total emission

t.
3.1.1 Forster et al. (2009 amoun

3.1.4 Joos et al.(201
The IRRco, which has been used Forster et al(2007), is (2013

based on a 1000 yr-long simulation with the Bern CC-modelThe recent study afoos et al(2013 estimated IREo, with

(Plattner et al.2008 Bern2.5CC). In that simulation, a back- cyrrent state-of-the-art CC-models. They performed simu-
ground CQ mixing ratio of 378 ppm and a pulse emission of |ations with a length of 1000yr and an emission pulse of
40 Gt[C] were used. We will refer to this data setanddBfF 100 Gt[C]. The reference state was an atmospheric mix-

derived from it as JO7. ing ratio of 389 ppm C@ The 15 models of which we
o used data are ACC2, Bern2.5D-LPJ, Bern3D-LPJ, Bern-
3.1.2 CMIP SAR, CLIMBER-2-LPJmL, DCESS, GENIE, HadGEM2-

ES, LOVECLIM1.1, MAGICC6, MESMO1.00, MPI-ESM,

The C'MIP (Coupled Climate—Carbon Cycle Model Inter- (=g cS1.4, TOTEM, and UVic2.9. We will refer to this
comparison Project) experiments have been performed SIMyata set as J13l0os et al (2013 additionally studied the

ulating the 1860-2100 period with CC-modefsrigdiing- impact of a CQ pulse emission on the global-mean temper-

fr:eltn eLaI,.Z(()jOE?}. ch)) rtr;\t/a zijnthrnopongi;er}[lic r(}:%m\llsstl)ons; es“;j aIture, sea level, and ocean heat content, and performed a va-
ates based on observed concentrations have been use Upné)tyofsensitivitystudies.

around year 2000 and SRES scenario A2 values for the 21st

century Nakicenovic et al.2000. The annual emissions 31 5 Boucher and Reddy(2009

increase from~ 1 Gt[C]yr—! in 1900, to~ 8 Gt[C]yr ! in

2000, and~ 30 Gt[C]yrt in 2100. Boucher and Reddy(2009 present an IRf, derived
Eleven CC-models participated in this intercomparison ex-from a 1000 yr-long simulation with the UKMO-HadCM3

ercise, of which 7 are AOGCMs and 4 are models of in- AOGCM. In this simulation the RF was modified by increas-

termediate complexity. These models are BERN-CC, CSM-ing the CQ concentration by 2%yt up to a quadrupling

1, CLIMBER2-LPJ, FRCGC, HadCM3LC, IPSL-CM2C, (reached after 70yr), after which the g@oncentration was

LLNL, IPSL-CM4-LOOP, MPI, UMD, and Uvic-2.7. A kept constant. The IRFof Boucher and Redd§2008 con-

short description of these models can be foungriedling-  tains two modes, with time constants of 8.4 and 409.5yr. The

stein et al.(2009. Two different experiments were per- values of f; andr; can also be found in the top row of Ta-

formed. In an uncoupled experiment (u) temperature feedple 4. Li and Jarvis(2009 used the same data but a different

backs on the carbon cycle were not included, while inmethod to estimate the modes. Using two modes they find

the coupled experiment (c) temperature feedbacks were invery similar values, and using three modes small differences

cluded. All models indicated that a larger fraction of anthro- in the integrated IRf only show up after 500 yr.

pogenic CQ stays airborne if temperature feedbacks are in-

cluded. 3.1.6 CMIP3

3.1.3 LTMIP The first set of AOGCM results we use to derive IRF

is taken from the World Climate Research Programme’s
A second data set we use to derive R¥F is LTMIP Coupled Model Intercomparison Project phase 3 (CMIP3),
(Long Tail Model Intercomparison Projectifcher et al, which has been used for the IPCC Fourth Assessment Re-
2009. The aim of this project was to quantify the long- port (Solomon et al. 2007). Among the different simu-
term fate of fossil fuel C@ emissions in the atmosphere, lations available from the CMIP3 exercise, we use the
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272 D. J. L. Olivie and G. P. Peters: Variation in emission metrics

Table 2. Overview of the different data sets used to derivedgf-and IRFr. The number of models used here might be lower than the
number of models participating in the intercomparison exercise.

Experimental setup Length Models Release Reference
" #

JO7 Pulse C@emission 1000 1 2007 Forster et al(2007)
C*MIP  Gradual CQ emission (SRES A2) 140 (240) 11 2006Friedlingstein et al(2006
LTMIP  Pulse CQ emission 10000 9 2009 Archer et al (2009

J13 Pulse C@emission 1000 15 2013 Joos et al(2013

BR0O8 Linear RF increase + stabilization 1000 1 2008oucher and Redd{2008
CMIP3 Linear RF increase + stabilization 70-300 15 200Randall et al(2007)
CMIP5  Step RF increase/linear RF increase  140-150 15 20TAylor et al.(2012

Table 3. Estimates of the parameters in IRF,: JO7 is the IRco, used inForster et al(2007), and C4MIP(u), C4MIP(c), and LTMIP

are the IRk, derived using the corresponding data settMP(c) represents an experiment with a temperature feedback, HitPqL)
without. J13* refers to the coefficients as derived and publish€das et al(2013. In all the IRz, is 7o = co. The median, and 5- and
95-percentile values are indicated.

1 2 3 ag ay a as
(yr) (yr) (yn)
Jo7 1729 1851 119 0217 0259 0338 0186

C*MIP(u) 17756+23% 1194+ 26% 110+7% 019+13% 016+34% Q36+31% Q29+ 37%
C*MIP(c) 18688+23% 1313+ 27% 111+8% 021+10% Q19+33% Q34+30% 026+ 38%
LTMIP 27059+38% 3370+111% 165+36% 020+11% Q50+26% Q22+36% QO08+153%
J13 23960+ 58% 1842+68% 164+63% Q023+20% 028+33% 035+28% 014+30%
J13* 3944 3654 430 0217 0224 0282 Q0276

idealized experiments where the gQ@oncentration in- a gradual increase in GOconcentration at a rate of
creases by 1%yrt, and is kept constant after 70yr 1%yr 1 (without stabilization). The length of the simu-
(doubling of CQ) or after 140yr (quadrupling of C£). lations is 140-150yr, which is considerably shorter than
These are gradually changing scenarios, and have fothe experiments in CMIP3. We use the results from
most of the AOGCMs a length of 210-290yr, but less 15 models, i.e. CanESM2, CNRM-CM5, CSIRO-Mk3.6.0,
than 100yr for a few of them. The subset of 15 models GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-
we use consists of CGCM3.1(T47), CNRM-CM3, ECHO- ES, INM-CM4, IPSL-CM5A-LR, MIROC5, MIROC-ESM,
G, FGOALS-g1.0, GFDL-CM2.0, GFDL-CM2.1, GISS- MPI-ESM-LR, MPI-ESM-P, MRI-CGCM3, and NorESM1-
EH, GISS-ER, INM-CM3.0, IPSL-CM4, MIROC3.2(hires), M.

MIROC3.2(medres), MRI-CGCM2.3.2, UKMO-HadCM3,

and UKMO-HadGEM1. More information on these models 3.2 Method

can be found irRandall et al(2007).

For the models used in this intercomparison exercise (exdn this section, we explain how we estimate the parameters
cept for CNRM-CM3), also the climate sensitivity (see  in the IRFs, how we construct the IRF distributions, and how
Sect.2.1.2 has been estimated Randall et al (2007, Ta-  we calculate the spread in the emission metrics.
ble 8.2) based on an experiment where the atmosphere gen-
eral circulation models alone were coupled to a mixed layer3.2.1 Estimating the IRF parameters
ocean model%olomon et a].2007). In one of the approaches
we use the estimated climate sensitivity as an additional conFor every CC-model and AOGCM in the data sets above, we

straint, and we refer to that case as CMIP3*. have estimated the parameters in the IRFs of Efsafd
(5), respectively. We choose to use four modes=(4) in
3.1.7 CMIP5 IRFco, (one of which is a constant term as we take= oo)

(Joos et al.1996 2013 Forster et al.2007), and two modes
From the more recent CMIP5 exercisdaylor et al, (n =2) in IRFr (Boucher and Reddy2008 Li and Jarvis
2012, we use the scenario with an instantaneous qua2009 Olivié et al, 2012. To find the parameter values in
drupling of the CQ concentration, and the one with the IRFs that best fit the behaviour of one single CC-model
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Table 4. Estimates of the parameters in IRFBRO08 is the IRF used inBoucher and Redd{2008, and CMIP3, CMIP3*, and CMIP5
are the IRk derived using CMIP3 and CMIP5 data. The CMIP3 IREB based on AOGCM experiments alone, while the CMIP3* 4RF
additionally includes the independently estimated climate sensitivities. The median, and 5- and 95-percentile values are indicated.

T1 2 fl f2
) N (Kwim?) Kw1m?)
BROS 84 4095 0631 Q429

CMIP3 715+35% 10555+38% 048+30% 020+52%
CMIP3* 7.244+43% 24444+130% 049+25% Q036+91%
CMIP5 257+46%  8224+192% 043+£29% Q32+59%

or AOGCM, we use probabilistic inverse estimation theory of scenario. Ideal are experiments where the response of the
(Tarantola 2005 p. 69), applied for simple climate models CC-model or AOGCMs gives directly an IRF. This can be
in Tanaka et al(2009 andOlivié and Stube(2010. It has  easily realized for CC-models when using a pulse emission,
been recently used on CMIP3 da@liyié et al, 2012 to de-  as in JO7, LTMIP, and J13. However, for the temperature ex-
rive IRFr, and here we apply it to derive both IB§, and periments, aj-pulse experiment is difficult to realize, and
IRFr. We use it to optimize the value of the IBg, (IRFr) therefore a step in the radiative forcing which is kept con-
parameters by minimising the difference between the timestant or decays exponentially is more comm@iiié and
evolution of the CQ concentration (temperature) in the CC- Stuber2010. For experiments not based on pulses, deriving
model (AOGCM) and the C®concentration (temperature) the IRF can be more complicated, and one must be aware that
obtained from the convolution of the G@mission (radia- the IRF might be poorly constrained.

tive forcing) scenario with the IRfo, (IRFr), but also tak-

ing into account how much the IRF parameters deviate from3.2.2  IRF distribution

a priori values Tarantola2005 Eq. 3.46).
For the parameters in IR, the a priori values are the Once all the IRF paramet(_ar sets are found, where each set
JO7 values (see Tabl®), and for IRF- we have chosen best reproduces the behaviour of one CC-model or AOGCM,

0.2KW-1m2, 0.5KW-Im2, 10yr, and 100yr as a priori W€ 9roup them together per intercomparison exercise and de-
values forfy ]'02 71, andrs re'specti\’/ely. It has been assumed "V @ multivariate distribution for the parameters of the IRF
that there was no a priori correlation among the parameters the distribution assumes that the logarithm of the parame-

of each IRF, and no correlation between the CC-model or€rS aré normally distributed. This gives four IR distri-

AOGCM data for different years. To implement the condi- Putions based on”(]S{IIP(u), C'MIP(c), LTMIP, and J13 data,

tion that23 o = 1 in IRFco,, we introduce three param- and three IRF distributions based on CMIP3, CMIP3*, and
i= ’

etersh; which are related to the fouf by CMIP5. Whenx is the vector consisting of the logarithm of
X the parameters of the IRb,,

= 1+ Z?:l bj 13) = (logt1, log o, logzs, logh1, logba, logha), (15)
and then the distribution of the parameters in the #af-can be
b; expressed as
a; = ﬁ(f =123, (14) 1
T Ljbi P(X =x) ~exp<——(x—f)TZ_1(x—i)), (16)
where O<b; <oo (i =1,2,3) are now the parameters 2

which have to be estimated. We assume that all parametefghere
(bi, fi, andt;) have a log-normal distribution, which guaran- m
tees that they remain positive. So for every single CC-model; _ 1 in (17)
or AOGCM, we find a corresponding set of parameters which ~ m 7—{
best reproduces its behaviour. In the CMIP3* approach, we
impose the value of the climate sensitivityRandall et al. and
2007, Table 8.2) by eliminating the variab}e and replacin u
i J k2 and replacing B= T3 - ). (18)

In principle, one can imagine a variety of numerical ex- i=1
periments with CC-models and AOGCMs, differing in the The vectorr and the matrix@ are estimates of the mean vec-
time evolution of the C@ emissionEce,(¢) and the radia- tor and the covariance matrix, respectively, and the index
tive forcing RK1), respectively. Deriving an IRF from an ex- runs over all models in the specific intercomparison exercise
periment can be more or less difficult depending on the typgfor m, see Table).
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In case of the IRF distribution, the Eqs.1(6-18) remain The IRRco, based on LTMIP is significantly higher than
valid, but the vectorx now represents the parameters in the standard JO7; almost 95 % of its distribution is higher than
IRFr, i.e. JO7. However, the estimate of the long-term value around

year 1000 in LTMIP is again similar to the JO7 value. The
x = (logzy, logz, log /1,109 /2). large differences for earlier times are caused by the very large
emission size, i.e. 1000 Gt[C]. This large pulse size intro-
duces non-linearitieslfos et al.2013, as the ocean mixed
To obtain the distribution of the GWP, GTP, and iGTP met- layer is easily saturated inhibiting a faster take up of atmo-
rics, we perform Monte Carlo simulations ¥210* mem-  spheric CQ. The fact that the LTMIP experiments were in
bers) using the derived IRF distributions. To obtain the GTPthe non-linear regime makes the derived §afless suitable
and iGTP distribution, one uses both I&f; and IRF, and  to be used in metric calculations (where one tries to incorpo-
for simplicity, we assume that there is no correlation betweerrate the effect of small emission amounts).
the IRFco, and IRF parameter values. The two IRR-o, based on ¢MIP give results slightly

Performing Monte Carlo simulations using multivariate lower than JO7 and J13, and considerably lower than LT-
distributions (as in the IRFS) necessitates the factorizatiorMIP. To guarantee that the CC-models were still in the linear
of the covariance matrif as¥ =L L7, whereL is alower  regime, we have used data only up to year 2000 (see Ap-
triangular matrix. Applying this matrix. to a vectory of  pendixA). For all models in €MIP(u), the CQ concentra-
uncorrelated normally distributed values generates a vectotion falls in the range 344-392, 397-465, and 475-570 ppm
x =L y with the covariance properties of the system beingfor the years 2000, 2025, and 2050, respectively, and in 347—

(19)

3.2.3 Monte Carlo simulation

modelled. 401, 400-483, and 489-604 ppm itNIP(c). This limits
the length of the time series used to derive thedBFto
approximately 140 yr, which is considerably shorter than in
4 Results

J13 or LTMIP. In addition, the near-exponential increase in
CO, emissions in this experiment might complicate the esti-
mation of IRFco,. In the case of an exact exponential emis-
sion scenario, quite different IR, can lead to exactly the
ame evolution of the Cfburden (see Ed). This implies
a’that if more than one mode must be estimated in the-tBF
rr%heir weights and timescales can become indeterminate (see
y 'AppendixB). However, as the emission scenario here is not
exactly exponential, the experiment still contains additional
information Gloor et al, 2010.

In this section we first describe the IRF distributions ob-
tained by fitting the CC-model and AOGCM results. Then
we present the GWP, GTP, and iGTP emission metric value
we obtain for time horizons between 20 and 500 yr for BC
CHg4, N2O, and Sk. These species are chosen as they sp
a wide range of lifetimes, i.e. 1 week, 12, 114, and 3200
respectively.

4.1 IRFs
One can also see that the results from the coupled exper-
411 COIRF iment (c) give larger values for IRfo,; the increasing tem-

perature in that experiment decreases the net G@ake,
leaving a larger fraction of C&in the atmosphere. At 100 yr
shows IRk, for the reference JO7 (black), and for the after the emission, a fraction of 0.31 is still in the atmosphere
four distributions GMIP(u) (red), GMIP(c) (blue), LTMIP  in C*MIP(c), while it is only 0.28 in GMIP(u). Joos et al.
(green), and J13 (purple) derived from the respective inter{2013 Fig. 7) show the impact of the temperature feedback
comparison exercises (full lines indicate the median valuefor one model (Bern3D-LPJ) on IRJo,; for an emission
dashed lines the 5- and 95-percentile values). pulse of 100 Gt[C] they find differences around 15-20 % at
We estimated the J13 IRb, based on the original data, 100 yr after the emission.
independent from the estimation presentedJoos et al. The spread in J13 is slightly smaller than in LTMIP, but
(2013. The median of J13 lies very close to the JO7 refer-for LTMIP the spread becomes again smaller at the end of
ence. Our 5- and 95-percentile values of 0.47-0.71, 0.33-+the shown horizon range. Bot®IP IRFco, show spreads
0.50,and 0.18-0.30 &t =20, 100, and 1000 yr, respectively, comparable with the spread in J13. The 5- and 95-percentile
agree well with the values obtained dwoos et al(2013. values atH =100 yr are 0.39-0.69 for LTMIP, 0.21-0.37 for
Converting the mean ando2values ofJoos et al(2013 C*MIP(u), 0.24-0.40 for @MIP(c), and 0.33-0.50 for J13.
Sect. 4.1) into 5- and 95-percentile values gives 0.49-0.71, Figurelb shows the time-integrated IRb, for the refer-
0.30-0.52, and 0.18-0.32 & =20, 100, and 1000yr, re- ence JO7, and for the four distribution$MIP(u), C*MIP(c),
spectively. The experimental setup in J13 is most suited fol . TMIP, and J13. J13 and LTMIP show slightly higher values
deriving IRFco,: the behaviour of the CC-models stays in than JO7 (10 % for J13 and 20 % for LTMIP), but a simi-

Figure 1 shows the principal results for IRp,. Figure la

the linear regime, and deriving the IB&;, is reduced to find-
ing the coefficients which best describe the obtained-i3F
curve.

Earth Syst. Dynam., 4, 267286, 2013

lar temporal evolution. €MIP(u) and GMIP(c) give slightly
lower values, in accordance with the lower IR§.
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Fig. 1. Overview of five different IRto, distributions: JO7 (black), BMIP(u) (red), *MIP(c) (blue), LTMIP (green), and J13 (purple).
(@) IRFco, asin Eq. ¢) with median (full line) and 5- and 95-percentile values (dashed lines) indicated. The horizontal axis is linear from 0 to
1yr, and logarithmic from 1 to 1000 yr. The vertical axis is dimensioniggdntegrated IR p,. The horizontal axis is lineafc) Estimates
for the parameters in IRfp,. Every single dot corresponds with one of the four modes(igag) (diamond),(r1, ay) (triangle),(t2, ap)
(square), o(t3, a3) (cross). Thetg, ag) tuples (which would fall off the figure ag) = oo) are given at the right of the figure. The individual

dots represent the best estimates for the individual CC-models, while the ellipses represent the distributions derived from the individual

estimates, grouped per intercomparison exercise. Inside the ellipses falls 90 % of the distribution. The vertical axis is dimensionless.

Figure 1c shows best estimates for the parameters of thehe reference distribution frorBoucher and Reddy2008

four modes in IREo, when calibrated to the individual CC-

models. Every single dot corresponds with a tupleq;) in

(black), and the three distributions obtained from the inter-
comparison exercise data, i.e. CMIP3 (red), CMIP3* (blue)

Eg. (1). The IRk, distributions obtained by combining the and CMIP5 (green). One can notice that the CMIP54RF
results within the same intercomparison exercise are repreis highest for the first 5yr (the CMIP5 IRF starts at
sented by the ellipses. The area in the ellipses covers 90 % di.17 KW-1m2yr—1, while it starts at 0.076 for BRO8 and
the distributions. Tilted ellipses indicate that there is a corre-0.069 for both CMIP3 and CMIP3%*), but the CMIP5 IRks

lation between the value ef anda;. There exist also correla-
tions between the; andr; from different modesi(# j), but

lowest in the 100-1000 yr range, where it additionally shows
the largest spread (in a logarithmic sense). For the period

they are not represented in this figure. One can see that th#00-1000yr, one can further observe a considerable differ-
J13, ¢*MIP(u), and GMIP(c) experiments give parameter ence between CMIP3 and CMIP3*, and that CMIP3* is most
values which are not very different from JO7. LTMIP gives similar to BROS8; for example, at 200 yr we find for BROS,
values which deviate slightly more from JO7, e.g. higher val-CMIP3, CMIP3*, and CMIP5 the values 6.4, 2.8, 5.5, and
ues for all the time constants. Also the contributigrfrom 3.0 (x 10*KW~-Im2yr~1). Though, care is needed in in-
the century-like mode is considerably larger, while the con-terpreting the results for times of 200yr and greater as the

tribution from the other modes is lower.

The values ofr and X describing the different derived
IRFco, distributions can be found in Tab%e
4.1.2 Temperature IRF

Figure 2 shows the principal results for IRF Figure 2a
shows IRF as defined in Eq.5). We have indicated

www.earth-syst-dynam.net/4/267/2013/

experimental setups do not cover these time periods well.
Figure2b shows the integrated IRFpresented in Eq 6.
The CMIP3 and CMIP3* approach are rather similar below
100yr, but deviate strongly later. The CMIP5 curve is con-
siderably higher the first 10 yr due to its higher initial IRF
and lies between the CMIP3 and CMIP3* curves for the pe-
riod after 100 yr. The asymptotic value of the integrated4RF
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Fig. 2. Overview of four different IRF distributions: BR0O8 (black), CMIP3 (red), CMIP3* (blue), and CMIP5 (greéa).IRF as in
Eq. ®) with median (full line) and 5- and 95-percentile values (dashed lines) indicated. The horizontal axis is linear from 0 to 1yr, and
logarithmic from 1 to 1000yr(b) Integrated IRF as in Eq. 6). (c) Estimates of the parameters in IRFEvery single dot corresponds
with one of the two modes in a separate AOGCM, i.e. the fast ntedef;) (diamonds) or the slow modes, f2) (triangles). The ellipses
represent the distributions of the IRFparameters derived from the individual estimates, grouped per intercomparison project. Inside the
ellipses falls 90 % of the distribution.

curves forr — oo is the climate sensitivity, which is clearly 4.2 Impact of variation in IRFs on metrics
highest for BRO8 and CMIP3*. The climate sensitivity shows

similar spreads among the IRF"S' 0.4K 1;or CMIP3,0.6K  tare we present metric values and their variations calculated
for CMIPS and 0.7K for CMIP3* (5-95% spread). Again, i, the IRF distributions presented above. We use the ex-

care is needed in interpret.ing the _climate sensitivities as the)f)ressions from Sec2 and take into account that the 1B&;

are often based.on short time periods (100-200yr). . and IRF; are themselves distributions by performing Monte
The Dbest estimates for the IRFparameters when cali- 414 simulations. Note that all parameter values such as ra-

brated to the individual AOGCMs are shown as separat€iasive efficiencies, lifetimes of non-GGpecies, and coeffi-

symbols in Fig2c. The derived distributions are represented cients of the reference IRf5, JO7 and IRF BROS are taken

by the ellipses (the area within the ellipses represents 90 % st as inForster et al(2007) andFuglestvedt et a{2010.

of the distribution). The fast mode shows a response tim Figure3 shows the evolution of the GWP, GTP, and iGTP
of the order of 2-10yr, and the slow mode of the order Ofmetric as a function of the time horizon for all combina-

30-500yr. The CMIP3* approach gives o1, f1) results — yions of the four IREo, and three IR distributions for BC,
similar to C_MIP3, bUt. for(z, fZ). conSId_erany hlghgr_val- CHg4, N2O, and Sk. Every combination gives a distribution,
ues, reflecting a conS|derfc1ny higher climate sensmvny. Thefor which only the median is indicated by a black line (how
CMIP5 results show relatively small values for, whichis 64 the metric distributions are will be shown later). Only 4
probab]y reIated_ to the typelof expgnm_e_n,t, i.e. an instantay;ag represent GWP, as there is no dependency on the. IRF
neous increase in the radiative forcir@lifié et al, 2019. 14 14 Jines are the results obtained by combining the ref-
The CMIP5 results also show lower values for the time CON-arence IREs JO7 and BROS.

stant of the slow modes, together with a relatively large  yayric values for horizons between 20 and 500yr fall in
spread in this parameter; this is probably related to the shor{he range 1-3000 for BC, 0.1~100 for GH.0—400 for NO

length of the CMIPS experiments _ , and 1x 10* to 2 x 10* for SFs. The value of the metrics is
The values of and X describing the different derived o041y influenced by the horizon, and in many cases, the
IRFr distributions can be found in Tabé variation with time horizon is more important than model
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Fig. 3. Evolution of GWP (full line), GTP (dashed line), and iGTP (dotted line) as a function of the time horiz¢a)fBIC, (b) CHyg,
(c) N20, and(d) SFs, using different combinations of IRfo, and IRFr. The black curves correspond with all combinations of ¢
distributions ((fMIP(u), C4MIP(c), LTMIP, and J13) and IRF distributions (CMIP3, CMIP3*, and CMIP5) — the lines shown are the
median values of the obtained metric distributions. The red lines are the result of the combination of the refereagel0RFand IRE

BRO08. The vertical axis is dimensionless.

variation. For BC and Clithe metric values decay strongly
as a function of the time horizon, for® they have the ten-

Figureda shows the difference between the median met-
ric value obtained using a specific IB&, and the value ob-

dency to decay slightly as a function of the time horizon, tained using the reference J07. As variation in ¢gFonly
and for Sk metric values increase as a function of the time affects the denominator in the expression for GWP, GTP, or

horizon (Tanaka et a).2009. The GWP and iGTP metric be-

iGTP, and as this denominator is equal for all species, the

have in general very similar, but the behaviour of GTP can beémpact from variation in IREo, is identical for all the four
rather different. For a specific species, metric, and time hori-species we study here. The LTMIP and J13 ¢3Flead to
zon, the median values differ in general considerably, up tdower values than JO7 (aroune5 % for LTMIP and—5 %

a factor of two, but the GTPs of BC and @ldhow variation

to —15% for J13). These lower values reflect the fact that

in the median up to a factor of 10 for time horizons of 500 yr the LTMIP and J13 IREo, are higher than the JO7 IRB,

or more.

(see Fig.a). The median metric values fronf&IP(u) and

To clarify more the impact of the IRFs on the metrics, we C*MIP(c) are significantly higher than the JO7 values (10—

will separately investigate the impact of variation in Bk

40 %). This is caused by the fact that bothAMEP IRFco,

and IRF on metrics. The impact will be decomposed in a are lower than the JO7 IR, .

deviation(indicating how much the median value of a metric

Figure4a also shows that the impact of variation in iR

differs from the case where the reference IRF is used) and & similar for the three metrics (GWP, GTP, and iGTP). The
spread(indicating how much the 5- and 95-percentile metric closest agreement can be seen between GWP and iBa-P (

values differ from the median).

4.2.1 Impact of variation in CO IRF

Figure 4 shows the impact of IRfo, on GWP, GTP, and
iIGTP. We used different IRfo, (J07, GMIP(u), C*MIP(c),
LTMIP, and J13), but always the BRO8 IRRo isolate the
changes caused by IRb,.

www.earth-syst-dynam.net/4/267/2013/

ters et al.2011). Also the variation of the metrics as a func-
tion of the time horizon or choice of IRfo, is very similar
for the three metrics, although the maximum deviation is sit-
uated at shorter time horizons for GTP than for GWP and
iIGTP.

The C*MIP(u) IRFco, gives 10% higher metric values
than the GMIP(c) IRFco,, and this for all metricsloos et al.
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Fig. 4. Impact of variation in IREo, on GWP (full line), GTP (dashed line), and iGTP (dotted line), using el (u) (red), GMIP(c)

(blue), LTMIP (green), and J13 (purple) IBB, . (a) Difference between the median of the obtained metric distribution and the value obtained
using the reference JO7 IRB,. (b) Spread of the obtained metric distribution, indicating the difference between the 5-percentile value and
the median value (lower lines), and between the 95-percentile value and median value (upper lines). These impacts are equal for all specie:
(BC, CHg, N0, and Sk).

(2013 Sect. 4.4.3 and Fig. 7), who investigated the impact4.2.2 Impact of variation in temperature IRF

of the temperature feedback with one CC-model, found an

impact of 13% on the integrated IRE, at time horizons  The GTP and iGTP metric values also depend on;iRFe

of 100 and 500yr for a pulse emission size of 100 Gt[C]. investigate this by using the reference JO7¢BF; but differ-

Slightly smaller impacts are found for time horizons shorterent IRF (BR08, CMIP3, CMIP3*, and CMIP5). This vari-

than 100 yr or longer than 500 yr. ation influences both the numerator and denominator in the
Figure4b shows the spread of the metric values, indicat-expression for GTP and iGTP (see E§$o 12). We mainly

ing how much the 5- and 95-percentile values differ from concentrate on GTP, as iGTP is much less influenced.

the median value. Again, these spreads are identical for all Figure5 shows the impact of variation in IRFon GTP.

species, and one can see that these spreads do not vary mugigure5a shows the deviation of the median value from the

among the different metrics. The differences fall in the rangevalue obtained using the reference [RFn contrast to the

of —20 to +40 %, and are not very sensitive to the value of impact of IRFco,, the impact now differs among species.

the time horizon. The LTMIP IREo, induces a slightly more  N,O and Sk show very small variations due to variation

asymmetric spread than the other iR, whichis most pro-  in IRF7, while BC shows a deviation of the median from

nounced for short time horizons. This is a consequence of theéne reference value in the range 680 to +85 %, and for

asymmetric LTMIP IRko,, as can be seen in Figa. CHy in the range of—90 to +45%. We see, for example,
The variation in the GWP estimates presented here ishat for BC and CH using the CMIP3, CMIP3*, or CMIP5
solely caused by variation in its denominator AG¥®,  IRF; gives lower metric values with respect to BRO8 for

implying that the variation we estimated for GWP, actually the smallest time horizonH = 20yr), but higher values for
also gives the variation in AGW#, . Joos et al(2013 Ta-  H =50yr, and this is most pronounced for the CMIP5 {RF
ble 4) indicate spreads for AGW®B,. Converting their 2  This behaviour can be explained by noting that I’ the
values for AGWRo, into 5- and 95-percentile values gives ratio of AGTRsc and AGTRo,. As BC has a very short life-
for H=20, 50, 100, and 500yr the range40, £15,4+18,  time, the time dependence of AGE®is very similar to the
and £21 %, respectively. These values agree well with the|RF; curve in Fig.2a. On the other hand, because {ts
impacts we found of-9 to +16%, —13 to +21%,—14to  characteristics of a longer lifetime, the time dependence of
+22 %, and-18 to +25 % (see purple full line in Figh, or  AGTPcq, will be more similar to the integrated IRFcurve
later see Fig6). Reisinger et al(2010 have also estimated in Fig. 2b. For H =20yr, we see that the CMIP5 IRFs
uncertainties on the AGW#,. Their 5-95 % confidence in-  much lower than BRO8 (determining the numerator), while
terval values for AGWRo, (based on their AOGCMAMIP  the integrated CMIP5 IRF is similar to BRO8 (determin-
model evaluation) give-17 to +19 %, —23 t0+26 %, and  ing the denominator). This explains why the value for BC
—25t0+22% for H =20, 100, and 500 yr, respectively. Al- at H =20yr is so low using the CMIP5 IRF The inverse
though they included also the impact of uncertainty in radia-behaviour forH =50yr is caused by the fact that now the
tive efficiencies, their variations are comparable to our val-numerator is slightly higher for IRF(see Fig2a), while the
ues. InReisinger et al(2011) the 5- to 95-percentile range in - denominator is consistently smaller. The changing relative
GWPch, and GWR,0 is estimated to be-15t0+20% for  position of the IRF curves is clearly reflected in the GTP
H =20yr and—-20 to+30 % for # =100 and 500yr, which  metric values. To a lesser extent the same reasoning is true
is in fair agreement with our estimates. for CHy, as it still has a relative short lifetime with respect
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Fig. 5. Impact of variation in IR on GTP for BC (red), Cll (blue), NO (green), and S~(purple), using the CMIP3 (full line), CMIP3*

(dashed line), and CMIP5 (dotted line) IRHa) Difference between the median of the obtained metric distribution and the value obtained
using the reference BRO8 IRF (b) Spread of the obtained metric distribution, indicating the difference between the 5-percentile value
and the median value (lower lines), and between the 95-percentile value and median value (upper lines). The black lines show the spreac
induced by IRkco, on GTP from AMIP(u) (full line), C*MIP(c) (dotted line), LTMIP (dashed line), and J13 (dot-dashed line); these lines

are identical to the dashed lines in Fip.

to CO,. One can note that for time horizons of 200yr and  Reisinger et al(2010 present also values for the variation
longer, the curves for BC (red) and Glblue) have the ten-  in GTPcy, for H =20, 100, and 500yr, i.e-26 to+30 %,

dency to coincide. One can also see that for BC and &t —48 to+77 %, and—101 to+172 %, respectively (we de-
for time horizons between 200 and 500 yr, CMIP3* (dashedrived the value forH = 100 yr from their Table 2). This vari-
line) gives a smaller deviation than CMIP3 or CMIP5. ation clearly increases as a function of the time horizon, in

The generally small deviations foro® and Sk from accordance to our findings.
BRO8 for the time horizons considered are caused by the fact For iGTP one finds much lower impacts of the variation
that AGTRy,0 and AGTR;, as a function of time, behave from IRF7 (not shown), since iGTP is an integrated version
similarly to the integrated IRF (as long as the horizon is of GTP. The deviations are of the order of 5%, except for
not much longer than the lifetime of the species)..C@asa BC at H =20yr using the CMIP5 IRf where the deviation
similar dependence on IRHsee above). As a consequence, reaches-15 %. Spreads are in general smaller tHal0 %.
the variations in the numerator and denominator of the GTPThe much smaller variation in iGTP with respect to GTP,
expression due to variations in the IRWill be similar and  e.g. for BC, can be explained by the fact that the numerator

largely cancel out in the expression for GI,B and GTR,. in iGTP is now the integral of the curve shown in Fg. As
As this condition is not fulfilled with NO for time horizons  the CMIP5 curve up to 20 yr lies partially above and partially
longer than 200 yr, GN, o starts to deviate from there on. below the BRO8 curve, the integrals are not that different for

Figure 5b shows the spread in GTP values due to varia-H =20yr. For longer time horizons this difference is even
tion in IRF;. The amount of spread is strongly dependantfurther reduced. Accordingly, also the spread is strongly re-
on the species and the time horizon. For time horizons upmuced.
to H=100yr, BC shows variations in the range 660 to Finally, for two selected IRFs, i.e. the J13 IRf; and the
+80 %, and this spread increases drastically for longer timeCMIP5 IRFr, Fig. 6 shows the impact of IRF variation on
horizons. For Cl, the spread is smaller than for BC when GWP, GTP, and iGTP for BC, CHN>O, and Sk at specific
looking at time horizons of 20 and 50yr, but rather similar time horizons of 20, 50, 100, 200, and 500yr. It shows the
for longer ones. For pD, very small ranges are found up to impact from variation in IREg,, from variation in IRF-, and
time horizons of 100 yr, but increasing after that. Fog $fe from variation in both IRk, and IRFr.
find small spreads for all time horizons. _

For comparing the impact of variation in IgG, and 4.3 Synthesis of results
IRFr, Fig. 5b also shows the impact of IRb, in black
(these lines correspond with the dashed lines from #ig.
One can see that the spread in GTP for BC is dominate
by IRFr, and for CH by IRFco, at short time horizons
(H =20yr) and by IRF at longer time horizons. For O
and Sk it is dominated by variation in IRfo,, except for
N2O at time horizons longer than 200 yr.

The aim of this study was twofold. The first aim was to de-
dive IRFco, and IRFr distributions based on the behaviour
of different CC-models and AOGCMs. The second aim was
to analyse how variation in these IRFs influences common
emission metrics.

The estimate of IRF distributions has been based on simu-
lations from five different model intercomparison exercises,
i.e. C*MIP, LTMIP, and Joos et al.(2013 for estimating
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Fig. 6. Impact of variation in J13 IREg, and CMIP5 IRF- on GWP, GTP, and iGTP values for BC, gHN,O, and Sk for time horizons

of 20, 50, 100, 200, and 500yr. The red bars give the impact of variation igdizFhe blue bars the impact of variation in IRFand the

green bars the impact of variation in both &, and IRFr. For every time horizon, the little black line (top) represents the reference value

of the metric using the parameters as given in TaBlasd4 in the IRFs — the value itself is indicated to the right of the little line. The

left bars give the 5-, 25-, 50-, 75-, and 95-percentile values of the metric (the 50-percentile value is indicated by a black line). The number
right of the bar indicates how much the median value deviates from the reference value in relative terms. The right bars indicate the spread
with respect to the median value, where again the 5-, 25-, 75-, and 95-percentile values are represented. The numbers (in %) left and right of
the bars indicate how much the 5- and 95-percentile values deviate from the median value. The horizontal axis which gives the value of the
metric is dimensionless.

IRFco, distributions, and CMIP3 and CMIPS5 for estimat- in LTMIP. The c*MIP IRFco, is considerably lower than
ing IRFr distributions. As reference for comparison we have the JO7 IRkp,. The relatively short time series and grad-
taken the IREq, from Forster et al(2007) (in the text noted  ually changing emission scenario irfi@IP (as opposed to
as J07) and the IRFrom Boucher and Redd{2008 (in the pulse emissions in J07, J13, and LTMIP) lead to a lower con-

text noted as BRO08). fidence in the value of IRfo, for short times (below 3-5yr)
The J13 IRk, is similar to the reference JO7 IRB,, and long times (above 500 yr).
but the behaviour of the other three derived §Fis rather Similar spreads in the IRfp, are found for J13,

different from the reference. The similarity between J07 andC*MIP(u), and GMIP(c). For LTMIP, the width increases
J13 reflects similar experimental setups, and differences irslightly stronger as a function of time, and the width of
experimental setup explain the differences between JO7, LTthe distribution decreases again for long timescales (100-
MIP, and GMIP. The LTMIP IRFco, has a tendency to  1000yr). In general, the order of magnitude of the width of
remain considerably higher than JO7, giving similar valuesthe distributions is similar for all four IRfo, .

to JO7 only after 1000yr. These differences relate to non- For IRFy, the three distributions are generally similar, but
linearities caused by the large pulse and different backgroun@lso show specific differences. Whereas the CMIP3 results
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Table 5. Value of mean vectog and covariance matri¥ in the
IRFco, distributions (see EqL6) derived using éMIP, LTMIP,
and J13 data. The distribution is for the logarithm of the parametersCMIP5 data. The distribution is for the logarithm of the parameters

281

Table 6. Value of mean vectok and covariance matri¥ in the
IRF7 distributions (see Ed.6) derived using CMIP3, CMIP3*, and

in IRFr.
CMIP3
logty logto log f1 log f>
x
1.967 4,659 —-0.739 -1.612
b))
logty 0.056 —0.033 0.012 0.012
logr, —0.033 0.064 -0.005 0.028
log f1 0.012 -0.005 0.042 -0.000
log f> 0.012 0.028 -0.000 0.110
CMIP3*
logty logto log f1 log f2
x
1.980 5.499 -0.714 -1.031
b
logty 0.080 -0.100 0.011 -0.066
logr, —0.100 0.423 -0.005 0.102
log f1 0.011 -0.005 0.031 0.011
logf, —0.066 0.102 0.011 0.259
CMIP5
logry logro log f1 log f2
x
0.945 4.410 -0.842 -1.154
b
logr; 0.089 0.147 0.038 0.034
logr, 0.147 0.701 0.019 0.001
logfs, 0.038 0.019 0.040 0.024
logf, 0.034 0.001 0.024 0.133

in IRFCOZ-
C*MIP(u)
logty logty logts loghy logbo logbs
x
5.179 2.480 0.096 —0.172 0.610 0.395
)
logty 0.027 -0.010 -0.005 -0.000 -—0.040 0.003
logr, —0.010 0.033 0.006 0.026 0.002—0.041
logr3 —0.005 0.006 0.003 0.004 0.010-0.011
loghy —0.000 0.026 0.004 0.026 —0.016 —0.036
logb, —0.040 0.002 0.010 —0.016 0.092 —0.002
logbs 0.003 -0.041 -0.011 -0.036 —0.002 0.070
C*MIP(c)
logty logto logts loghq logby logbs
x
5.230 2.575 0.100 —0.089 0.493 0.242
X
logty 0.026 —0.009 —0.005 0.002 —0.036 —0.000
logr, —0.009 0.036 0.008 0.031 0.000—-0.042
logrz —0.005 0.008 0.004 0.006 0.010-0.013
logby 0.002 0.031 0.006 0.032 —0.016 —0.040
loghp, —0.036 0.000 0.010 —0.016 0.074 -0.001
logh3 —0.000 —-0.042 -0.013 -0.040 -0.001 0.071
LTMIP
logty logto logts loghq logby logbs
x
5.601 3.517 0.501 0.933 0.139-0.959
X
logtry 0.065 0.030 -0.019 -0.006 -0.014 -0.011
logto 0.030 0.342 0.054 0.094 —0.106 —0.389
logr3 —0.019 0.054 0.060 0.043 —0.022 —-0.102
logby —0.006 0.094 0.043 0.064 —0.038 —0.131
logb, -0.014 -0.106 -0.022 -0.038 0.039 0.127
logh3 —-0.011 -0.389 -0.102 -0.131 0.127 0.481
J13
logty logto logts loghq logby logbs
x
5.479 2,913 0.496 0.181 0.401-0.472
X
logty 0.129 —0.058 0.017 —-0.042 -0.004 —0.009
logzo, —0.058 0.167 —0.109 0.072 -0.015 0.003
logts 0.017 -0.109 0.148 —0.043 0.013 -0.013
logby —0.042 0.072 —0.043 0.090 0.009 0.006
logb, —0.004 -0.015 0.013 0.009 0.082 0.013
loghg —0.009 0.003 -0.013 0.006 0.013 0.046

sensitivity, i.e. 0.4 K for CMIP3, 0.6 K for CMIP5 and 0.7 K
for CMIP3* (5-95 % spread). Although for long timescales
the BRO8 IRF is considerably higher than the new IRF
BRO8 falls still within the high end of the CMIP3* distribu-
tion.

The spread in IRFs has a considerable impact on the val-
ues of the GWP, GTP, and iGTP metrics. The impact of the
spread in IREp, is very similar for the three emission met-
rics, and these variations are equal for all studied species
(BC, CHy, N2O, and Sk). The main characteristics of the
IRFco, have a straightforward impact on the emission met-

coincide with BRO8 for the first 10 yr and CMIP5 is consid- rics: the higher LTMIP IREo, gives lower metric values,
erably higher than BROS for the same period, all three de-whereas the lower WP IRFco, give higher metric val-
rived distributions are very similar in the period 20-100yr, ues. The spread within all the IRB, distributions creates
but below the BR08 value. For long timescales, they all givevery similar spreads, varying betweei20 and+40 % for
considerably lower values than BR08. The width of all {RF all metrics.

distributions is in general rather similar, becoming larger for

The GTP and iGTP metrics are also influenced by the

longer timescales. The IRFhave a similar spread in climate spread in the IRF. For GTP, the IRF-induced spread is
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significantly larger than the IRfo,-induced spread for short- model (chosen at random), and a model intercomparison
lived species such as BC for all studied time horizons, and foradds value by providing the model spread. Nevertheless, the
CHg4 for the longer time horizons. Using the CMIP3* IRF  use of the presented metric distributions should be taken with
for long time horizons, spreads are considerably larger thartare. They represent only estimates of the spreads related to
using the CMIP3 or CMIP5 ones. There are very small differ- the behaviour of the underlying CC-model or AOGCM, and
ences in the GTP values for,® (for time horizons smaller the model spread may not be indicative of the true uncertain-
than 200yr) and Sf although IRF differs considerably. ties. The estimates do not take into account other reasons for
This is since the IRf appears in both the numerator and spread that might impact metric values, such as uncertainties
denominator of the GTP expressions, and the relative longn the lifetime of BC, CH, N2O, or Sk. One should also
lifetimes of CQ, N2O, and Sk. Due to the integrative char- be aware that the analysis presented here provides uncertain-
acter of iGTP, the IRf-induced spread is much smaller than ties when comparing arbitrary species with £®ut does
for GTP. The IRF-induced spread is even smaller than the not provide uncertainties for the comparison of two non,CO
IRFco,-induced spread. species nor absolute metric values for single species. This has
not been discussed, but such an analysis can be performed
based on the IRF distributions presented in this work.
5 Conclusions

We have analysed variations in IRFs for £0RFco,) and Appendix A

temperature (IRF), and quantified the impacts of these vari-

ations on common metric values. We found that the varia-Sensitivity tests with a simple CC-model

tions were important and had a significant effect on metric

values. Since we used model intercomparisons for our aswe performed sensitivity tests to clarify how the &5

sessment, the results do not span the full range of uncerderived from GMIP data are influenced by the high GO

tainties. Additionally, since only one model intercomparison concentrations in the 21st century (the non-linear regime),

was designed for metric applications, the variations may beand by the almost exponential increase in emissions. For

somewhat affected by the specific experimental designs. Outhe C'MIP CC-models, the IREo, that would have been

results need to be interpreted in the context of these issues.obtained when imposing a small G@mission pulse (and
Part of the differences between the derived IRFs can bevhich we will call theproper IRFco,) is unknown, and this

attributed to the type of experiment performed with the CC- makes it hard to judge whether the derived §3F agrees

models and AOGCMs. Pulse-type experiments as in LTMIPwell with it. To investigate this, we use a simple CC-model

and J13 are very useful to quantify IB&,, but the LTMIP  described ifdoos et al(1996), for which we know the proper
IRFco, is biased upwards due to the experimental designiRFco,.

and focus on long-term carbon cycle dynamics. This makes
the LTMIP distribution less useful for metric applications. A1 Impact of non-linearities on IRFco,
The gradual evolution and short length of the £gnission
scenario in @MIP makes it difficult to uniquely determine The CC-model ofJoos et al.(1996 contains two non-
the IRFco,. Thus, most significance should be placed on thelinearities: one in the expression of the partitioning between
J13 results. The CMIP5 experiment with its abrupt forcing CO, and total carbon in the mixed layer of the ocean, and one
change is in principal very useful to derive IRFHowever,  in the expression of the net primary production. We will use
these experiments also show in general a lower value for th¢he standard version of the CC-model, but also a linearized
large timescale due to the short length of the simulation. Ex-version of it. The IRk, can be directly derived by impos-
tending these scenario uptas00 yr would allow us to better  ing a pulse emission in the CC-model. It shows that for small
constrain the parameters in IRFand especially allow us to  emission pulses, the IR, found is equal for the standard
use IRF for longer times. and linearized versions of the CC-model. For an emission
Based on this assessment, we would suggest that speciffsulse of 100-200 Pg[C], the derived IB; starts to deviate
experiments should be used for IRFs with clearly defined ex{see als@oos et a].2013.
perimental setups (as ifoos et al.2013. It is also possible Both with the standard and linearized CC-model, we have
to estimate the AGTP directly from a pulse emission (as ingenerated concentration evolutions using tf&/® emis-
Joos et a].2013, and this ensures model consistency. In thesion scenario (as we assumed a constant temperature in the
case of IR, it is clear that longer experiments are neededCC-model, the experiment is most like*l@IP(u)). Then
to better constrain the long timescales and hence the climatere applied the method described in Sect®a.1to extract
sensitivity. Irrespective of the experimental setups used, outhe IRFco,, and investigate whether limiting the data period
analysis clearly demonstrates that a single model should naised for the derivation of IRfp, up to year 2000, 2025,
be used as the basis of an emission metric. The model mea2050, or 2100 allows us to retrieve the proper 83k Fig-
arguably gives a more reliable estimate than any particulaure Ala shows that for data from the linearized CC-model,
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(a) Linear CC-model, C*MIP emissions (b) Non-linear CC-model, C*MIP emissions
T T T T

10 1.0} T

307 (dashed) g H AN 307 (dashed)
Reference 1 F S Reference
2000 : AW 2000

06 - \ 2100

0.8

0.6—

0.2 0.2

0.0 L L L 0.0 L L L
100 1000 0 1 1 100 1000

10 0
Time [yr] Time [yr]

(c) Linear CC-model, exponentially increasing emissions
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Fig. Al. IRFco, derived for the CC-model aJoos et al(1996, when using data up to year 2000 (red), 2025 (blue), 2050 (green), and
2100 (purple). The solid black line indicates the properdgf-from this CC-model, and the dashed black line shows the JO¢dRF

(@) IRFco, derived from data generated with the linearized version of the CC-model force@iNByP@missions(b) IRFco, derived from

data generated with the non-linear CC-model forced Hiyit® emissions(c) IRFco, derived from data generated with the linearized version
of the CC-model forced by exact exponentially increasing emissions.

the derived IREq, is close to the proper IRfo,. The corre-  exponentially increasing emissions over the period 1750—
spondence is better when using more data; however, alread¥100, with a timescale of 60 yr, i.e.
when using data up to year 2000, the deriveddBFoehaves

-2 t —2000yr
rather well. For all cases, we see larger deviations for shorig (1) = Eg exp———,
times (less than 3-5yr) and long times (more than 500 yr). 60yr
Figure Alb shows that when the data is generated by thewhereE is the annual emission size in year 2000, for which
standard non-linear version of the CC-model, one still de-we have taken a value of 7 Tg[C]V* (this emission evolu-

rives the real IREo, when only data is used up to year 2000, tion is in general quite close to the*&IP emission evolu-
while clear deviations start to be visible when data is used Union)_ The linearized version of the CC-model is then used

(A1)

to year 2025 or later. to calculate the concentration evolution. Figéxgc shows
the IR, derived when using data up to year 2000, 2025,
A2 Impact of exponentially increasing emissions 2050, and 2100. It indicates that the use of exact exponen-
on IRFco, tially increasing emissions does not force the ggFinto a

very flat curve.

In a linear system with an exponential forcing, one finds
that responses are also exponentrRapach2013. In Ap-
pendix B we show theoretically that different IRb, can
lead to the same concentration evolution when emissions
are exponential. In the ®IP experiments, the COemis-
sions increasalmostexponentially. Here we want to investi-
gate whether this possible ambiguity favours a flatdBF

in our estimation method, similar to the curves shown in
Fig. Alb when data up to year 2025 or later is used. To test
the impact of such an emission scenario, we have agadt
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Appendix B

IRF co, and exponentially increasing emissions —
a theoretical analysis

B1 Atmospheric CO, burden

Imagine CQ emissions which increase exponentially with a
timescaler,, i.e.
t
Eco,(t) = Eg expt— . (B1)
e

The atmospheric burdeBco, (r) can be written as (see E8).

t

Bco,(t) = [ IRFco, (t —t/) Ecoz(t/)dl‘/. (B2)
—o0
For general functiong andg, one has the equality
t e}
/ fe—1)g@hd' = / f)g—1hHa'. (B3)
—o0 0

Applying this to Eq. B2), one can show that the atmospheric
burden will always be proportional to the exponential emis-
sions, whatever the IRfo, is, as

t

t/
Bco,(t) = / IRFco, (t — ') Eqg exp— dt’
Te
—00
o
/ t—t /
= | IRFco,(t") Eg exp dr
O e
o0
/ t —t' /
= Eo | IRFco,(t) exp— exp— dt
Te Te
0
X /
t —t
=Ep exp—/ IRFco, (') exp— dr’. (B4)
Te Te
0
If we defineQ as
o0
—t
0= / IRFco, (¢) exp—dt, (B5)
Te
0
one can write
t
Beo, (1) = Eo Q exp—. (B6)

This implies that any other IRfo, which gives the same
value of Q (see EqBb5) will lead to an identical time evo-
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B2 Exponentially decaying IRFco,
Imagine an exponentially decaying 1B, i.e.

—t
IRFco,(t) = a1 exp— for ¢t >0, (B7)
71

and O forr < 0. Calculating the integral in EGBB), one finds

ai
1 1"
nt

0= (B8)
This means that we have one condition for two unknowns
(a1 andt7). Often one takea; = 1 and then alsa; can be
deduced. Another option would be to take the limit> oo,
which leads tai = £.

For an IR0, with two exponential modes, i.e.

—t —t
IRFco, () = a1 exp— +az exp— for 1 >0, (B9)
71 72
and 0 forr < 0, one finds
al a
OQ=4—+1—71- (B10)
atn ntw

This gives one condition for the four variables 11, a2, and

72. Imposing the natural condition that+a, = 1 still allows

for a large degree of freedom in the choice of the parameter
values.

B3 Piecewise linear IRkco,

For an IRko, of the form

t
IRFco, (1) = a1 (1— —) for 0<r <1,
1

and 0 elsewhere, one finds

efid(o)

This is one condition for two variablegiy(andzi). One can
chooseaz; = 1, which then allows one to determing At the
limit 1 — oo, the solution approaches a constant function
with a1 = r—% This is the same limit as one would find in the
exponential case.

2
Te+_e
T

(
1

T1
Te

(B11)
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