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Abstract ?
Multi-model ensembles are frequently used to assess understandingregfpiomse of ozone 7
and methane lifetime to changes in emissions of ozone precursors such 2g@®and CO. 3
When these ozone changes are used to calculate radiative forcindgiRltlimate metrics S
such as the global warming potential (GWP) and global temperature pot@lifl) there is 8
a methodological choice, determined partly by the available computing respascto whether
the mean ozone (and methane) concentration changes are input to thiemaxdide, or whether

each model's ozone and methane changes are used as input, with tlge&€@mputed from ?
the individual model RFs. We use data from the Task Force on Hemispharisport of Air ;
Pollution Source-Receptor global chemical transport model ensembledesathe impact of é
this choice for emission changes in 4 regions (East Asia, Europe, Nontriéa and South
Asia). S

We conclude that using the multi-model mean ozone and methane responsasieafor
calculating the mean RF, with differences up to 0.6 % for CO, 0.7 % for VOCQa&ndor NG,.
Differences of up to 60 % for NO7 % for VOC and 3 % for CO are introduced into the 20 year.
GWP. The differences for the 20-year GTP are smaller than for the GMRPG,, and similar
for the other species.

However, estimates of the standard deviation calculated from the enseméuteiripat fields
(where the standard deviation at each point on the model grid is addedstdwacted from
the mean field) are almost always substantially larger in RF, GWP and GTP sriisic the
true standard deviation, and can be larger than the model range ftWlisadrozone RF, and
for the 20 and 100 year GWP and 100 year GTP. The order of averags most impact on
the metrics for N@, as the net values for these quantities is the residual of the sum of term<
of opposing signs. For example, the standard deviation for the 20 yed S\Wvo to three
times larger using the ensemble-mean fields than using the individual modelsutatathe
RF. The source of this effect is largely due to the construction of the imgre fields, which
overestimate the true ensemble spread.
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Hence, while the average of multi-model fields are normally appropriatefoulating mean
RF, GWP and GTP, they are not a reliable method for calculating the undgiitathese fields,
and in general overestimate the uncertainty.

1 Introduction

One method for characterising uncertainty in the climate sciences is to pdenge) multi-
model ensemble studies. This approach, provided that the range of rdodeetieed capture the
range of climate responses to an applied perturbation, provides far niomaation, not only
on the most likely climate response, but also on the likelihood of a range sitp@sesponses -
i.e. the uncertainty associated with the mean response. However, if fddivestream analysis
is performed on such a large model ensemble study, then methodologit@@shehich may
be constrained by pragmatic concerns such as data processing time grmuest .

One common example of such an application of a model ensemble is in the calcaofatiien
mate metrics and their associated uncertainty. Climate metrics provide an importantroé
comparing the mean climate effects of emissions of various forcing ageistthétrefore desir-
able to be able to compute such metrics quickly and efficiently from input edespioit where
possible without compromising on the quality of the reported values andatiyutheir asso-
ciated measurements of model spread. Metrics such as the Global Warnemgi#qGWP)
and Global Temperature-change Potential (¢TP, Shine et al. (20@E))luce additional un-
certainty and depend strongly on the time horizon, H that is under investigatibalso on
the spatial distribution of the forcing agent, and its lifetime in the atmosphereseThst two
properties can vary strongly with model.

It would therefore seem reasonable to ask, what is the minimum volume opdatessing
and input information that can be used to provide meaningful estimates of clinedties from
large multi-model studies, without compromising the quality of the reported metmit$hee
representativeness of the associated spread.

The Hemispheric Transport of Air Pollutants (HTAP) study, providesefulgest case for
the present work (Task Force on Hemispheric Transport of Air Poll\dﬂLﬁO). A part of this
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project perturbed emissions of species which are known to affect alraoszone concentra-
tions by 20% (in this cas&JO,, VOC andCO). An ensemble of 11 chemistry transport model
(CTMs) took part, and each perturbed the 3 precursors in 4 preedeiurce regions. Subse- |
guent work by Fry et al, (2012) and Collins et al. (2b13) assesseRRN@&WP and GTP for the
precursor species. Computational limitations prevented the analysis ofrthbility in the RF,
GWP and GTP iE F& et a@lZ); instead, the ensemble mean fietshe standard deviation
were deemed to provide the minimum subset of fields which could be usedreseapthe
mean and standard deviation in the derived metrics.

IodeJ Uogssf{’)s‘gq

In the present work, we calculate the RF, GWP and GTP using outputdemm individual ;w
model in the HTAP ensemble. We then compare our results to those obtainedenatisttmble- f
mean method of Fry et alﬁ)lZ) Hence, we can quantitatively assesstéme to which the g
RF calculated with the mean fields accurately represents the mean of the RBtealcising the
ozone fields from each model individually. Further, by comparing the etsma model and ”;;
metric uncertainty (as represented by the standard deviations) in RF, @Wfhand GTP, we -
can assess whether such a representative subset can be useddtehcconvey the spread in
derived climate metrics. The result of this assessment will then guide the exteich the use -
of the computationally less expensive ensemble-mean fields can be useditwampromising %

the quality of information.
The particular case df Oy is interesting because cancellation between RF due to dn‘fereﬁt
components of the total RF (and hence the GWP and GTP) can substantialbermodel =
spread\ (Holmes et al., 2011), ifindividual components are correlatgdgWalues drawn from 5@
the aviationNOy, literature, they found that in general, a large (positive) RF due to the-shor
lived ozone forcing (driven directly by ti€0,) in any one model, was associated with a large
(negative) long-lived ozone forcing (driven indirectly by the effetNO, on methane concen-
trations) in the same model. Hence the uncertainty in the net RF, derivecctosidering the
uncertainty in each component on its own, was found to be almost doublad¢bgainty in the
net RF when the correlation was taken into account. Our work builds on Hatrad. \(2011)
by exploiting results from a single multi-model intercomparison, and investigtmeffiects of
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different timescales on the cancellation, for emissions from a number efeliff regions, and
extends it to CO and VOC (where the cancellation present ilNthg case does not occur.

Section 2 introduces the HTAP data and scenarios, and describes iiteoradode used to
perform the radiative transfer calculations. The methé@m generate the sub-
set of fields for input to the radiation code is briefly described, togetlithravdescription of
further preparing this output for generation of the GWP and GTP metraxgid® 3 presents
the initial ozone and methane fields that serve as input to the radiation adatgionethodolo-
gies, and briefly discusses their differences. Sections 4 and 5 dibeusHect of the different
methodologies on the reported RF and GWP and GTP respectively, acldsions are given
in Section 6.

2 Methods
2.1 Models

The HTAP study perturbation scenarios reduced by 20% emissionsmfliisled ozone precur-
sor gasedNO,, CO andVOC in four different regions (North America, Europe, South Asia an
East Asia), and a further run in which methane concentrations werelpedtglobally. There
are therefore 13 scenarios in addition to one control simulation. The maatgisan for a pe-
riod of 12 months after a spin-up time of at least 3 months (Fiore et al. (ROD9Y resulting
output of interest to this study are the tropospheric ozone fields, whécpravided on each
model grid at monthly mean resolution. Auxiliary information on methane lifetime gésifor
each scenario is used to calculate the change in methane and long-livexlamraentrations
as described in Section 2.3.

Table 1 shows the HTAP nomenclature for the experiments, and the locafitre source
regions. 11 CTMs (see Table 2) produced results for these scerfasiosomparison with pre-
vious literature, the 11 models used in our study are the same as those uédtialF 2012)
and Collins et al. (2013) (Table 2).
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Of the 11 CTMs used in this study, 9 use meteorological background figlosreanalyses
to drive the model, while two (STOC-HadAM3-v01 and UM-CAM-v01) aceipled to global
climate models (GCMs) and use 2001 sea ice and sea surface temper&ute didve the
GCM. The models also use a variety of sources for the baseline emissiansvith the result
that a 20% decrease in emissions is not equivalent in mass terms betweds. Mioeefore, the
model spread accounts for not only the uncertainties associated withdraaad atmospheric
chemistry, but also in background emissions, which can be a substantieésaf uncertainty.
As input to the radiation code, however, it is the absolute mass change sfebis which is
important for the radiative transfer calculations.

The model output is re-gridded to a common resolution of 2l&6tude x 3.75 longitude,
with 24 vertical levels, which is comparable to the resolution of the models aageeA com-
mon tropopause was identified as the level at which the lapse rate falls betoin2-!. As
many of the models do not include stratospheric chemistry, stratosphenigehan all species
are neglected, and, above the tropopause, the models share a commonagin&wen the
relatively coarse vertical resolution of the models, and that the data arthimonean, any
definition of tropopause is necessarily imperfect; however, this methademnslarity when
averaging monthly mean fields to form ensemble means, and minimises the aliastraf@f
spheric ozone into the troposphere as part of the averaging process.

For each model, January, April, July and October are used as input tmdee in order to
reduce run-time constraints whilst remaining sufficient to reasonably sahgknnual cycle
in transport and RF. Sensitivity tests have shown that the long-livedecanoth methane RFs are =
almost completely insensitive to increasing the number of months included (&s4 thart in -~
1000), and the short-lived ozone RFs have a sensitivity of the ord@5e6 to increasing the
number of months. Table S4 provides a brief outline of the sensitivity tests.
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2.2 Radiation code

This study uses the Edwards-Slingo radiation code (Edwards and \$11996). The code uses
the two stream approximation to calculate radiative transfer through the disresglouds are
included in the code. Nine broadband channels in the longwave and Belkamthe shortwave
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are used. Incoming solar radiation at mid-month, and Gaussian integrator® antervals is
used to simulate variation in the diurnal cycle.

A common background climatology supplying temperature and humidity are tedarttie
European Centre for Medium-Range Weather Forecasts reanalyses I.1). Mean
cloud properties from the International Satellite Cloud Climatology Proje@QS) are also
used for all RF simulations (Rossow and Schiffer, 1999). RF is calcu&dede difference in
the net flux at the tropopause after the stratospheric temperature hasllmeeed to adjust

_.. Fels
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using the standard fixed dynamical heating method @ (1980)) 5
2.3 Construction of input metrics g
The necessary inputs to the radiation code are the changes in atmosphegatcation of any %
radiatively active species. In this case, the relevant species atelishdrozone, methane, and £
long-lived ozone, which is perturbed as a result of the influence of metba the abundance
of the OH radical. -
The CTMs producgOH], [O3] and associated atmospheric loss rates as 3-D output fiel Is
Short-lived ozone can be used directly as input to the radiation codeantefields for each &
model and each simulation were globally homogeneous, and fixed at 1660gxgept in the 7
CHy scenario, when they are reduced to 1408 ppbv. Equilibrium methanempatons for é
each scenario have been calculated in Collins et al. (2013) from thgehamethane life- -

time, A, as[CHy4| = 1760 x (%)ﬁ where the methane lifetimes are calculated m’é
Fiore et aH(2009) . These lifetimes include loss terms such as those dukimsesses; how-
ever all those except the atmospheric term are assumed to be constaciiahige in methane —
lifetime is also calculated in Collins et al. (2(1)13) from the change in [OH] (stheeatmo-
sphericOH sink accounts for around 90% of loss of atmosphéf,, and surface sinks are
considered constant). Finally, the feedback facfois determined in Fiore et al. (2009) from
the change in loss rates between the control and’itig perturbation scenarios, and account
for the effect of methane change on its own Iifetiﬂie iPra1996).

Further, long-lived changes also arise from the change in ozonkimgsiuiom a change in
methane, which in turn depends on the change in methane lifetime for a gieearsr The
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long-lived ozone changes for each model and scenario are calcaktEscribed in West et al.
1= by scaling the ozone change in thH, perturbation simulation by the relative chang
in methane concentration in each scenario as givbn in Fiore et al. (2009).

For each individual model, the inputs to the radiation code are the contia@nario 3-
D monthly mean short-lived ozone, methane and long-lived ozone fieldfatR@ transfer
calculations are performed separately on each of these fields, so thmatittidual contributions
can be separated out. The RF is the difference between the scenadordral fields for each
species, and the total RF is taken to be the sum of these components. Bgnsite have
shown that the total RF is very close (within 0.5%) to the sum of the individomdributions
from the component gases. The mean of the resulting RF ensemble is dBioted

This full model ensemble is contrasted with the method used in Fry etal. (Zmig)ymethod
first constructs a representative subset of model input fields fot inputhe radiation code.
This subset comprises the ensemble mean control fields, plus the ensemble- rsi@adard
deviation short-lived ozone, methane and long-lived ozone perturlsafidis subset of fields
is constructed as follows: Firstly, each model field for each month is regpglitinl a common
resolution; secondly, the mean and standard deviation of the ozone fielitisated for each
month, for each pixel at each level. The standard deviation is then addedtbtracted from
the mean field to give a 3-D representative field for each month.

These fields are grouped into four cases; the first comprises the ldogitis; the second the
mean total ozone change (i.e. the sum of the short- and long-lived meaa fielols) together
with the mean methane change; the third the mean plus standard deviation total avmb
methane change; and the final case the mean minus the standard deviatigesciderefore
the radiation code must run only three times for each HTAP scenario (pbesfonthe control
run), relative to 33 (11 models, 3 gaseous species) Elus 11 contofauthe complete case.

The subsetting method of calculation used in Fry tal. (b012) gives ontgtdledRF for each
scenario as output. The contributions to the total RF from each of thelshamezone, methane
and long-lived ozone are then calculated from this total. First, the metharsecRIEulated from
the change in concentration using the simple formula of Myhre et al. k1998)

AF —a(V'M =V Mo) = (f(M,No) — f (Mo, No)) (1)
8
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wheref(M,N) = 0.47In[1 +2.01 x 10=°>(M N)*™ +5.31 x 10~ M (M N)*5?], ais a con-
stant, 0.12, N iN2O in ppb (constant at 315 ppb) and M@&, in ppb and the subscript 0
indicates the unperturbed case.

The difference between the total RF and this methane RF is then attributedrte. ¢z
the calculation of the GWP and GTP metrics, it is further necessary to $epheaozone RF
between the short- and long-lived components. This is achieved by stladirigF due to the
(purely long-lived) ozone perturbations in the SR2 scenario by the ratieedong-lived ozone
change in any given scenario and the SR2 scenario. This RF is attributed tong-lived
ozone, with the final residual being attributed to the short-lived ozone nidéan and standard
deviation of the RF calculated using this subset of fields are derirdigeg.

2.4 Climate metrics

The methodology for calculation of the climate metrics (GWPs and GTPs) follostsdi
scribed in Fuglestvedt et al. (2010), including the same impulse-resgonstgon for car-
bon dioxide, and the climate impulse-response function sensitivities frorat@oand Reddy
) which is needed for the GTP calculation. The metric calculationsrecthe RF per
unit emission per year, for each precursor and for the short-livedeyaong-lived ozone and
methane changes individually.

The calculation of GWP and GTP for each individual model is straightfoiywas is the
subsequent calculation of the ensemble mean and standard deviation. Tieel iomange in
methane emissions in the SR2 scenario must be calculated, as the scenapeitsdbied the
atmospheric methane concentrations directly. This is done following the meﬁmmﬂiinms et al.
) for each individual model.

For the Fry-method subset, the metrics must be constructed more carefalfplldiv the
method described in Collins et al. (2013). The GWP and GTP are both thefsaishort-lived
ozone component, which depends only on the ozone RF, and a longetiveplonent, which
depends on the methane and long-lived ozone RF, and the change in tlanenkfitime.
The ensemble-mean GWP and GTP are first calculated, and then a ssfemdtrd deviation
due to each of the four variables is calculated. The total mean and staselaation due to
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ozone changes are calculated, and then the total standard deviationuistealén standard
fashion as the square root of the sum of the variances. Note that thimessndependence
between the variables. This is not necessarily the case because aefions between the
different perturbations (e{q wild et al. (2®01)); however for the pags of this evaluation this
provides a useful upper bound, and is consistent with the publishedditergCollins et al.
)). The implied methane burden, which is necessary for normalismBRhin the SR2
scenario, is calculated from the methane lifetime and change in methane lifetirmscibed
in Collins et al. (2013).

3 Ozone and methane input fields

Table 2 shows the control-run methane lifetimes, the feedback factor andahge in methane

lifetime between the control and tli&H, perturbation experiment for each model and the en

semble mean. The methane lifetime varies by about 20%, from around 8 t@ds) wéth the
exception of the LLNL-IMPACT-T5a model, which has a much shorter lifetirharound 5.5
years. The feedback factor has a variability of around 10%, with nstantal outliers.

To test whether the model ensemble-mean and standard deviation inpucéields used to
generate climate metrics that are representative of the model ensemble, ifegshastablish
the extent to which the ensemble mean and standard deviation represenpsittiieids. Figure
shows the short-lived ozone annual-average mass changes f@ ¢hd 1 individual models
used in this study (note that INCXOC, SA region, and LLNLNOy, all regions, are missing
in the input fields).

The ensemble-mean and standard deviation short-lived 0zone mase cliaahthe true mean
and standard deviation are shown in red and blue respectively. Thevakas are identical
in both cases. The two sets of bars represent the spread in the moselslbdmsnd denote the
model standard deviation calculated in two different ways. Those in blue #ie standard de-
viation calculated from the global-average burden change for eaclidodl model. Those in
red show the area-average of the 3D grid-point-level standard devialds, as in the subset-
ting method used t& Fri et dl. i2012). Here, the bars are calculatedglsitia¢ annual-meait
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one standard deviation ozone field. The global average of the gridipeat standard deviation
fields is not equal to the standard deviation calculated after the global meeadh model has
been calculated, i.e. the order of operations in this case makes a subsliiietiahce to the
+ 1 standard deviation bars. For any set of fields, the true standardidewidll always be
overestimated by the area-average of the 3-D standard deviation.

This effect is purely mathematical in origin, and its size is related to the defirkamo-
geneity of the initial fields. The short-lived ozone mass change fieldspat&aky inhomoge-
neous in both the horizontal and the vertical. Of the three precursoiespB©), is the most
short-lived, and has the highest degree of spatial inhomogeneityefbherthe difference be-
tween the two methods of standard deviation calculations is largest in the ftielasefor the
NO, case. For a completely homogeneous fieldkgnm —?), there would be no difference in
standard deviation between the two methods.

The largest standard deviations relative to the mean are found faridécase, in part due
to large differences between the models in terms of VOC speciation and chesub&mes
(e.g.\ Collins et al. (2002)). Since each model defines its Bt class within the chemistry
scheme, the initial burden and the atmospheric lifetime can vary substantiallgdretmodels.

It should also be noted that the spatial distribution of the short-lived ox@aa and standard
deviation fields is not necessarily representative of any single, indiidadel. Figure 2 shows
the deviation from the ensemble-mean column integrated ozone field fa¥ @heNA case.
The top three rows show the deviation from the ensemble mean for eaaht@asaember,
and the bottom row shows the same for the ensemble mean and standard miéakso By
construction, in the bottom row, the deviation from the mean is everywhesigiygofor the
positive case, and always negative for the negative case. Howewvemny individual model,
there can be both positive and negative deviations and for only a fewlsaéeir deviations
resemble the ensemble-mean case. Therefore the resulting RF fields é&@msémble-mean
calculation may not be expected to provide a realistic representation of risedspf forcings
about the mean, when individual model ozone fields are used to calcgdta¢ing.

11
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4 Radiative forcing

The major part of this section discusses the effect of the two averagingdsetin the mean
and spread of RF estimates. However, the RF’s for the individual modtis IH-TAP ensemble
have not previously presented, and may be of some interest. A briekdieawf the complete
ensemble also serves to frame the subsequent discussion arourpt@p@eayeraging methods.
Figure 3 shows the RF for all 11 models, normalised by the change in bofdbe emit-
ted species MW m~2(Tg year—!)~! N, C and CO for the SR3, SR4 and SR5 scenarios,

1odeJ UOISSNosI(]

respectively), and the RF for the 20% reduction in methane for the SRasoeRF due to ?
short-lived ozone, methane and long-lived ozone is in general ldarg8#t and smallest in EU ;
for any given model and scenario, largely due to an increased RFniteradiatively active é
species due to warmer background temperatures in SA relative to EUlsaralgreater impact
of oxidant changes on methane lifetime in the tropics. 733

For VOC andCO, the methane and ozone RF act in the same direction, in cont®€tp
where methane is suppressed and therefore it, and the long-lived, @drie oppose the RF
due to short-lived ozone. The global-mean RF for any given model isdigssndent on the -
location of the emission for th€O case than for th& OC or NOy case, as®O has a much Z
longer atmospheric residence time of 3 months, which is of the same orderzantigpheric 7
atmospheric mixing time. The differences between the regions are thenefweepronounced =
for NOy than forVOC or CO, as a result of the greater inhomogeneity in the input fields. @

The forcing for theCH, perturbation scenario (bottom panel of Figure 3) comprises onTj
the methane and long-lived ozone contributions, since there is no shemtdxone forcing
arising from a change in methane. The absolute methane RF is identical (V0ui4?) across
all models, as they all have the same mixing ratio change, but they differ inzbe®kthe
long-lived ozone response to the change in methane.

For a particular precursor species, models with a large response iregioa will tend to
have a large response in all regions, i.e the models all agree on the ottier regional re-
sponses. These depend on the relative size of emissions change iregachand the mass-
normalised RF. This is a good indicator of consistency across diffengiss@sns datasets and *
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in transport in models, information which cannot be gained by using the neodelmble mean
alone. Therefore differences between regions are more robusstiggested by the standard
deviation.

For NO,, there is substantial correlation between the short-lived ozone and mea#wane
sponses, and hence the short-lived and long-lived ozone respomise > values between
0.70 (EA) and 0.86 (NA and SA, Table S2). This will result in a smaller stathdaviation than
if the quantities were truly independent of each other, as found by HolmaélstéOll) for the
case of aviatiolNO, emissions.

J UOISSnosI(]
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4.1 Ensemble-mean RF measures

Table[ 3 compareRF, + 1 standard deviation per unit mass emissions change, with the m
and standard deviation of the computationally much less inteldig; (the case in which the
subsetting approach used in Fry tMOlz) has been followed).

Differences between the means are only of the order of a few percihtthe largest dif-
ferences found for th&lO, NA case of 2%. FoVOC andCO, the differences are essentially
negligible. The larger fractional difference in the cas&N@i, is due to the fact that the means ;w
are a small residual of two much larger components. H&i¢gy is representative of the true
ensemble meaRF. By contrast the standard deviation in tR& case is smaller for each

1ode dgrogssn.)sgq
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regional scenario relative tBFgy. This is largely associated with the inability of the pre-;g
calculated ensemble mean fields to represent the true model spreadciisedes Section %
3. -

Figurel 4 separates the total RF into components due to the long-lived ametiene, and
short-lived ozone contributions, for each scenario and gas, fdRFhe; andRF and their as- o
sociated standard deviations. The differences in the size of the stashelaadion is in general %
much larger for the short-lived ozone RF estimates (light blue bars), tirathé long-lived z
ozone or methane components. This difference is, in effect a diresfdramof the mathemati- =
cal averaging effect in the input fields (see Section 2.3), and the sthedar (i.e. the standard 2
deviation divided by the mean) is the same in the input fields as it is after the¢ivadiansfer =

calculations.
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In the CH,4 perturbation case, the absolute methane RFs (red bars) have no ntceaga ?
sociated with inter-model differences because the methane concentizdiogecis fixed. The ;
RF calculated using the formula of Myhre et al. (1998) is -138W m~2 for RFgy, whereas Z.
the value calculated by the Edwards-Slingo radiation cod®&foiis slightly more negative at EJ
-141mW m~2. The uncertainty bars arise from the variability in the implied methane emissién
change, which in turn arises from variability in the methane lifetime and changethane *~
lifetime. -

S
5 Climate metrics é
5.1 Global warming potentials 5
T
The results above suggest that the subsetting approach to reducduime \ai calculations E

that must be performed may indeed be a useful method for quickly calcutatsgmble mean
RF; however, it is also apparent that estimates of the model spread migib¢ meost appro-
priately calculated in this fashion. Metrics that are further downstream mnster the impact
chain, such as GWP and GTP, introduce further nonlinearities which reusirsidered when
discussing the validity of this subsetting approach. Estimates of the GWP usirgsemble
mean subsetting method are denoted GW/Rvhile the the true values are denotBWP.

GWPs for each individual model are calculated as described in Sectiusibgithe method
of\FugIestvedt etal. (2010). Tables 4 and 5 give the values of ther2D1@0-year GWP re-
spectively, in each case for the two methods under consideration, witlssbeiated standard
deviations. As previously, the mean values resulting from both methods resgirsimilar,
with differences of the order of 2-3% f&@rO, 5% for VOC and up to 60% foNO,, once again
as it is a small residual of the opposing short-and long-lived terms.

Estimates of the standard deviation using the subsetting method desc),
consistent with the previous section, are larger than the full model ensgmhblever, the differ-
ence between the two standard deviation estimates is no longer simply relatediftetiemces
in the input fields.
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The total GWP at time horizoH is the sum of contributions from short- and long-lived com-=

ponents (i.e from RF due to short-lived ozone, and due to long-livedegznethane concen-
tration and methane lifetime respectively). The difference between this estifrtatestandard

deviation and the full ensemble estimate therefore depends on the sizéhaffdhese terms

and their relative contribution to the total estimate of the standard deviation.

The absolute GWP of the short-lived ozone component does not depehé time horizon
under consideration, and it is still in effect directly proportional to theTRierefore the standard
error (i.e. standard deviation/mean) of the short-lived ozone GWP rertfa@nsame as that
for the RF and indeed for the input ozone fields, as does the relatiezaliffe in the size of
the standard deviation estimates from the two methods. Table S3 gives the &\WIETPs,
together with their associated standard deviation estimates for the total aatfocontributing

component.

The time-evolving components of the GWP, however, do not preservesthigonship, al-
though the calculated standard deviations for each component remairusirggethe subsetting
method than calculating the true spread from the individual model GWP3oTdi&WP is the
sum of these components, and the relative difference in the calculateldustateviations from
the two methods depends on the relative size of the contributions from thedodghort-lived

components.

At 20 years, the short-lived ozone contributes proportionately more tmtAeGWP than at
100 years. This results in the relative differences between the stasheldedion estimates from
the two methods being proportionately larger at 20 than at 100 yea@®@FoWOC andNOx,.

5.2 Global temperature-change potentials

The 20- and 100-year GTP means and standard deviations for the twodsettegiven in
Tables 6 and 7. In common with most of the GWP calculations, the mean GTBstfometh-
ods differ by only a few percent. The standard deviation estimates resfiutiimghe subsetting
method are once again almost always larger than the true value obtainedhieocomplete

ensemble.
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Similar principles apply to the relationship between the uncertainty estimates f@TiRe
as for the GWP. One important difference relative to the GWP in the 20egear is the much
larger relative contribution of the long-lived terms relative to the shordlivzone terms. This
means that, in contrast to the 20-year GWP, the 20-)}&ar GTP is robustly negative in all
cases.

For the 100-year GTP, in general the short-lived ozone contributionridagively larger
contributor to the total than for the 20-year case. The relative contrilsutibeach species and
the methane lifetime to the total standard deviation estimates for both methods emargiv

1odeJ UOISSNosI(]

the Supplementary material Table S3. This interplay between the various tleseasaociated ;w
with the GWP and GTP evolves with time, with the result that the difference batthestwo f
methods also evolves with time. é
5.3 Comparison of GWP and GTP time evolution forNO g
Figure 5 shows the time evolution of the GWP (top) and GTP (bottom) foNthe SA region.
Coloured lines show the evolution of each model, with the solid black line andddotés giv-
ing the true mean and standard deviation. The dashed lines and greygshadione standard ;w
deviation about the mean GWR &
Models which have a longer methane lifetime have a steeper GWP gradighyeat® than é
models with a short methane lifetime; however, this is not necessarily a gaodtiodbf a more Eo

negativeNO, GWP at 20 years. Of the four longest lifetime models, three (CAMCHEM=
3311m13, UM-CAM-v01 and MOZECH-v16) have GWP values that areenpasitive than
the mean, with the fourth (GISS-PUCCINI-modelE) lying well within one staddkeviation.
This indicates that they also have a large short-lived ozone forcing.

GWP has its largest standard deviation between 10 and 30 years, wheshbd-lived ozone
and methane forcings are important. The GWWmPverestimates the true standard deviatio
everywhere, but particularly around 10-30 years. At these timest¢héestandard deviations
produced in this way lie outside the range of the ensemble members, andtbexet not
a good estimate of the uncertainty of the ensemble.
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The GTP (lower panel in Fig. 5) does not have the same “memory” of eartyny as the
GWP, so that the model spread decreases substantially after abowar80Tee separate effects
of a long methane lifetime and a large short-lived ozone forcing can be reaycseen here
for UM-CAM-vO01 (red line), which has a very negative minimum GTP valtiess than-200,
several years after the other ensemble members.

The largest uncertainty in the GTP is also around 20 years, when bothdhdiged ozone,
methane and long-lived ozone RF are important. Again, theglg BBbstantially overestimates
the uncertainty betwen 10 and 30 years. At times greater than about 8§ hiewever, the
GTPey begins to agree better with the trG&P. The GTRy may even slightly underestimate
the uncertainty at these longer times due to the slightly smaller methane RF estimaliztedlc
in Sect| 4.
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6 Discussion and conclusions

This study has investigated the derivation of RF and climate emission metrics BWBTP
at various time horizons) for emissions of short-lived climate forcing ademts multi-model
assessments, using the results of the HTAP 0zone precursor emissoimexys as an exam-
ple. Multi-model means and their associated standard deviations of the padneations can
be used as input to radiative transfer codes, which is clearly more cotiopaldy efficient than
calculating the radiative forcing for each model individually and aveigatiie results. Overall,
our results indicate that the order of averaging does not have a majortiorpée mean values.
It does, however, have a larger impact on estimates of the uncertainties.

The global-mean RF from emissions of ozone precursors is only mildly seniitusing the
ensemble-mean input fields with differences in the mean not exceeding 8W&vr, the stan-
dard deviation of the RF is rather distinct between the two cases. The tndasiadeviation
(using the RF derived from each model individually) is always smaller theistandard devia-
tion when calculating the RF with the ensemble-mean ozone change. Thisiefieastly due
to the construction of the input ozone fields overestimating the true ensemédelsjm the case
of the long-lived ozone, the R standard deviation is about 30 % larger than the true value.

17
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For the more spatially inhomogeneous short-lived ozone, the overestimige vatween 20 %
for the VOC EA scenario to 90 % for th&lO, EA case.

The GWR\ and GTRy mean values agree well with the true mean as might be expect
from the RF estimates, the difference not exceeding 10 %/fo€C and CO, although they
can be somewhat larger (up to 60% in EA) for the 20 year GN(». This approach may
therefore be sufficient for some purposes given the computatiorniagsiénat may be achieved,
particularly with larger ensembles.

For estimates of uncertainty, however, there is substantial disagreeetargen the two
methods. The overestimate of uncertainty associated with the short- antivietn@zone RF
propagates to the climate metrics. These terms are the dominant cause ofeéhsadanncer-
tainty, rather than methane lifetime effects. For all time horizons, the uncertai@®WPxy is
not only substantially larger than ti@&WP, but lies outside of the range covered by the mod
ensemble itself. Therefore this approach should not be used wheindetie uncertainty in
GWP.

There is in general a similar overestimate of the uncertainty in the GTP atisheiorizons
due mainly to the short-lived ozone; however, at time horizons greateatiaut 40 years, the
ozone forcing becomes relatively less important to the GTP, and the unteitaGTPgy is
generally more in line with the true uncertainty estimate.
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The Supplement related to this article is available online at
doi:10.5194/acpd-0-1-2015-supplement.
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Table 1. HTAP ozone precursor anthropogenic reduction experiméntthe case of SR2, methane
mixing ratios are reduced by 20 %; for SR3-SR5 emissionseptlcursor are reduced. The regions ar
defined as: North America (NA), 15-55l, 60-125 W; South Asia (SA), 5-35N, 50-95 E East Asia

1odeJ UOISSNosI(]

(EA), 15-50 N, 95-160 E; Europe (EU), 25-65N, 10° W-50° E.

Experiment Region Description

SR1 Global Control

SR2 Global —20%CH, reduction
SR3 NA, SA, EA, EU —20%NO, reduction
SR4 NA, SA, EA,EU —-20%VOC reduction
SR5 NA, SA, EA, EU —-20%CO reduction
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Table 2. Methane lifetime ¢), feedback factor f), and the methane lifetime change due to a 20%
global reduction in methane, for each of the 11 CTMs, and tisemble mean and standard deviation,
as calculated in Fiore et al. (2009). Model abbreviatioeseaplained in Fiore et al. (2009).

o

;‘Q

Model Methane Feedback Lifetime ?

Lifetime ~ Factor Change S

a (years) f Aasgz (years) R

CAMCHEM-3311m13 10.11 1.31 0.51 ‘5_
FRSGCUCI-v01 7.72 1.43 0.50

GISS-PUCCINI-modelE  9.39 1.36 0.54 -

GMI-v02f 9.02 1.31 0.46 @,

INCA-VSSz 8.75 1.31 0.45 &

LLNL-IMPACT-T5a 5.68 1.39 0.34 ?

MOZARTGFDL-v2 9.06 1.31 0.47 )

MOZECH-v16 9.63 1.29 0.48 %

STOC-HadAM3-v01 8.20 1.31 0.42 S

TM5-JRC-cy2-ipcc-vl  7.98 1.43 0.51 S

UM-CAM-v01 10.57 1.25 0.45 o
Mean 8.73 1.33 0.47

standard deviation +1.34 +0.06 +0.05 g

é.

v

£
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Table 3. Total RF per unit mass emissiom{V m~—2 (Tg year—!)~!) for each scenario. The standard

1odeJ UOISSNosI(]

deviation values given for Riy are the RF resulting from the Fry-method subset mean andiatan —

deviation ozone, methane and ozone PM fields, as describ®edion| 3. The true standard deviation
values forRF are calculated after the total RF for each model in eachasitehas been calculated:;
therefore they are not equal to the sum of the standard dmvifmr each component gas.

NA SA EA EU
Scenario type mean  standard mean standard mean standardn re&adard
deviation deviation deviation deviation
NO, RF -1.09 +£1.77 -2.28 +4.38 -0.87 +1.93 -1.03 +0.94
(SR3) REy -1.11  +2.26 -2.33 +5.26 -0.90 +2.67 -1.04 +1.24
VOC RF 0.45 +0.35 0.61 +0.20 0.44 +0.29 0.45 +0.31
(SR4) REny  0.45 +0.41 0.61 +0.31 0.44 +0.35 0.45 +0.40
CO RF 0.16 +0.04 0.17 +0.01 0.16 +0.02 0.15 +0.02
(SR5) REy 0.16 +0.06 0.17 +0.03 0.16 +0.05 0.15 +0.04
Global
CHy RF 2.10 +0.19
(SR2) REny 2.10 +0.15
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Table 4. Ensemble-mean 20 year GWP. The true mean GWP is deotée. The GWP calculated
using the method described in Fry et @. i2012) is denoted G\WP

S
Average methane lifetimes used in the metric constructiergaven in Table 2. &
NA SA EA EU )
Scenario  type mean  standard mean standard mean standardn m&andard :j
deviation deviation deviation deviation =
)
NOy GWP —-9.76 +155 —27.4 +34.1 —-2.64 +£20.7 —-20.6 +7.85 -

(SR3) GWRyN —114 +41.2 —-30.1 +£98.0 —4.15 +£41.2 —-21.5 +£20.1
VOC GWP 17.6 +8.10 21.2 48.20 16.9 £7.99 17.2 +7.42 ?
(SR4) GWRyN 16.3 +11.7 22.1 +13.9 16.2 4105 16.0 +10.6 g
CO GWP 5.22 +1.20 559 +0.98 5.27 +1.09 499 +1.24 =
(SR5) GWRyN 5.32 +1.86 578 +1.63 530 +1.94 5.03 +1.47 ;U
Global g

CHy GWP 64.9 +4.17

(SR2) GWRy 64.3 4518 -
5
z
v
E
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Table 5.As Table 4 for the 100 year GWP.

S

NA SA EA EU @

Scenario  type mean  standard mean standard mean standardn m&andard <)

deviation deviation deviation deviation :j

NOy GWP —-10.8 +4.77 —23.1 +9.83 —-8.62 +6.58 -10.7 +2.67 ”;%

(SR3) GWRyN —11.2 +12.0 —23.7 +£28.9 —-8.75 +£11.8 —-10.9 +5.86 -
vocC GWP 545  £2.54 6.62 +2.57 5.17 +2.54 540 +2.41

(SR4) GWRy 5.04 +3.52 6.86  +4.06 494 +3.14 5.05 +3.33 ?

CcO GWP 1.72  +0.42 1.82 +0.34 1.73 +0.38 1.66 +0.45 z

(SR5) GWRyN 1.74 +0.59 1.87 +£0.49 1.76  £0.62 1.66 +0.47 2

-

Global =

)

CH,4 GWP 230 +241 -

(SR2) GWRy 22.7 +1.56

S

2

v

B
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Table 6.As Table 4 for the 20 year GTP.

S

NA SA EA EU @

Scenario  type mean  standard mean standard mean standardn nsandard <)

deviation deviation deviation deviation :j

NO, GTP —-62.8 +16.6 —122.1 +36.3 -59.3 +19.0 —-42.8 +8.38 “;5D

(SR3) GTRy -—-62.9 +19.1 —122.3 +46.8 -57.8 +17.1 —42.8 495 -
vocC GTP 8.98 +4.61 11.19 +4.31 7.99 +4.49 9.44 +4.68

(SR4) GTRy 8.25 4557 1154 4562 7.66  +4.80 8.93 +6.24 ?

CcO GTP 3.39  +0.92 3.52 +0.70 3.43 +0.80 3.39 +0.97 z

(SR5) GTRN 3.49 +1.16 3.62 +0.79 350 +1.21 3.42 +0.90 2

-

Global =

)

CH, GTP 553 +5.49 -

(SR2) GTRy 54.8  +3.77 -

S

2

v

B
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Table 7.As Table 4 for the 100 year GTP.

S

NA SA EA EU @

Scenario  type mean  standard mean standard mean standardn m&andard <)

deviation deviation deviation deviation :j

NOy GTP —-2.20 +0.79 —453 +1.64 -1.87 +£1.04 -1.92 +0.44 fg

(SR3) GTRy —-2.22 +£1.75 —455 +4.23 -1.84 +1.71 —1.93 +0.86 -
VOC GTP 0.81 +0.38 0.98 +0.38 0.76  +0.38 0.81 +0.37

(SR4) GTRy 0.74  +0.51 1.01 +0.58 0.72 +0.46 0.75 +0.50 ?

(6]0) GTP 0.26  +0.07 0.28 +0.05 0.26 +0.06 0.25 +0.07 z

(SR5) GTRy 0.26 +0.09 0.28 +0.07 0.27 +0.09 0.25 +0.07 2

-

Global =

)

CH,4 GTP  3.62 4045 -

(SR2) GTRy 3.55 +0.27 -

S

2

v

B
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Figure 1. Change in global-mean atmospheric burden of short-livesheZzin Tg), for(a) NO,, (b)

VOC, and(c) CO for the emission changes and emission regions given in Tablbe ensemble mean
and standard deviation fields calculated via the subsetiigttpod used in F& et a12) (red lines) are %
constructed by calculating the mean and standard deviafitire model ensemble at each grid point.
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Figure 2. Spatial distribution of the deviation from the ensemble mieaannual-mean column integrated
short-lived ozone perturbatiom'g m—2) for the NO,. NA case (see Table 1) for each individual model
(top three rows). The bottom row shows the ensemble meaatitavi(centre, by definition this is zero

everywhere) and the plus (left) and minus (right) one stedhdaviation from this mean.
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Figure 3. Radiative forcing, normalised by emissions mass changey, (first row), VOC (second
row), CO (third row), andCH, (bottom), for each of the 11 models, for each of the four negigiven
in Tablel 1. Units arenW m~2(Tg year—!)~! for theNO,, VOC andCO cases, anthW m~? for the
CHy4 case. Colours show RF due to short-lived ozone (light blenrethane (red) and long-lived ozone
(dark blue).
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Figure 4. Ensemble-mean radiative forcing, normalised by emissinass change, for (first column)
NO,, (second column)yOC, (third column)CO, and (right)CH,, for (top, yellow) total RF, (second

row, dark blue) RF due to long-lived ozone, (third row, red) &ue to methane, and (bottom row, pale

blue) RF due to short-lived ozone. For each pair of bars,itjffé-hand bar denotes the true meRi,,
and the left-hand bar gives the ensemble value calculatied tise method of Fry etal. (2012), R
Units aremW m~2(Tg year—1)~! for theNO,, VOC andCO cases, anchW m 2 for the CH, case.
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Figure 5. Time evolution of (top) GWP and (bottom) GTP for th&, SA case, showing each model.
The solid black line and surrounding dotted lines repregenmodel ensemble mean and standard devist

)

ation. The dashed lines and shaded area represent the nteataadard deviation using the subsettlng“

method of Fry et al. 2012)
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