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Abstract. The Atmospheric Chemistry and Climate Model radiative forcing. In this overview paper, we introduce the
Intercomparison Project (ACCMIP) consists of a series of ACCMIP activity, the various simulations performed (with a
time slice experiments targeting the long-term changes irrequested set of 14) and the associated model output. The
atmospheric composition between 1850 and 2100, with thel6 ACCMIP models have a wide range of horizontal and
goal of documenting composition changes and the associategertical resolutions, vertical extent, chemistry schemes and
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180 J.-F. Lamarque et al.. ACCMIP overview

Table 1.List and principal characteristics of ACCMIP simulations. Additional simulations (1890, 1910, 1950, 1970, and 1990) were proposed
as Optional and are removed from this table for clarity. SSTs stands for sea surface temperatures and GHGs for greenhouse gases.

Historical Simulations

Configuration 1850 1930 1980 2000 Name
Emissions and SSTs/GHGs for given year P P P P acchist
Year 2000 emissions except 1850 SSTs and GHGs P Em2000CI1850
2000 case except 1850 @ldoncentration (@) Em2000CH4185
2000 case except 1850 N@missions (@] Em2000NQ85
2000 case except 1850 CO emissions @) Em2000C01850
2000 case except 1850 NMHCs emissions (@) Em2000NMVOC185

Future Simulations

Emissions/Configuration 2010 2030 2050 2100 Name
RCP 2.6 (emissions, GHGs and SSTs) P (@) P accrcp26
RCP 4.5 (emissions, GHGs and SSTs) @) (0] (0] @) accrcp45
RCP 6.0 (emissions, GHGs and SSTs) P P (0] P accrcp60
RCP 8.5 (emissions, GHGs and SSTs) P (0] P accrcp85
Year 2000 emissions/RCP 8.5 SSTs and GHGs for 2030 P Em2000CI2030
Year 2000 emissions/RCP 8.5 SSTs and GHGs for 2100 P Em2000CI2100

P = Primary, O= Optional, blank= not requested.

interaction with radiation and clouds. While anthropogenic simulations of the past or of the future varied from model
and biomass burning emissions were specified for all timeto model due to varying assumptions about emissions (Shin-
slices in the ACCMIP protocol, it is found that the natural dell etal., 2008), differences in the representation of physical
emissions are responsible for a significant range across modgnd biogeochemical processes affecting short-lived species
els, mostly in the case of ozone precursors. The analysis athat were included (such as aerosols and tropospheric ozone
selected present-day climate diagnostics (precipitation, temand its precursors), and differences in which processes and
perature, specific humidity and zonal wind) reveals biasesconstituents were included at all (Pendergrass and Hartmann,
consistent with state-of-the-art climate models. The model-2012). For example, only 8 of 23 CMIP3 models included
to-model comparison of changes in temperature, specific hublack carbon while fewer than half included future tropo-
midity and zonal wind between 1850 and 2000 and betweerspheric ozone changes. Furthermore, the CMIP3 archive
2000 and 2100 indicates mostly consistent results. Howeverloes not include diagnostics of spatially variable radiative
models that are clear outliers are different enough from theforcing from aerosols, ozone, or greenhouse gases other than
other models to significantly affect their simulation of atmo- carbon dioxide. Hence it is not straightforward to understand
spheric chemistry. how much of the variation between simulated climates re-
sults from internal climate sensitivity and inter-model differ-
ences or from differences in their forcings.
1 Introduction Similarly to CMIP3, there are gaps in the output from

i , . CMIP Phase 5 (CMIP5; note that the naming convention for
The Coupled Model Intercomparison Project (CMIP) is a cpip was changed to align itself with the IPCC AR num-

protocol for (1) systematically defining model simulations tq bering, leading to the jump from CMIP3 to CMIP5) when
be performed with coupled atmosphere-ocean general Cify comes to atmospheric chemistry, with relatively little in-
culation models (AOGCMs) and (2) studying the generateds, mation on aerosols or greenhouse gases requested from
output. This framework provides the scientific community yoqels (Taylor et al., 2012). In particular, despite having
with the ability to more easily and meaningfully intercom- o |atvely uniform anthropogenic emissions, natural emis-
pare model results, aprocess which serves to faC|I|tate_ mModelions are likely highly diverse. Concentrations (forcings)
improvement. The simulations performed for the Climate, i 4150 differ between models due to different transforma-
Model Intercomparison Project phase 3 (CMIP3) in supportjon removal processes. This is especially the case as models
of the Intergovernmental Panel on Climate Change (IPCC rogress towards a more Earth System approach and repre-
Fourth Assessment Report (AR4) have provided a usefulgn jnteractions with the biosphere (Ameth et al., 2010a),
resource for exploring issues of climate sensitivity, histori- including climate-sensitive emissions of isoprene (Guenther

cal climate and climate projections (e.g. Meehl et al., 20074, al., 2006; Arneth et al., 2010b), methane (O'Connor et al.,
and references therein). However, the forcings imposed in

Geosci. Model Dev., 6, 17206, 2013 www.geosci-model-dev.net/6/179/2013/
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Fig. 1. Time evolution of global anthropogenic + biomass burning emissions 1850-2100 following each RCP; blue (RCP2.6), light blue
(RCP4.5), orange (RCP6.0) and red (RCP8.5). BC represents black carbor@nyTgl), OC organic carbon (in T€) yr—1), NMVOC
non-methane volatile organic compounds (if@gyr—1) and NG nitrogen oxides (in TONO») yr—1). Other panels are in Tgpeciesyr—1.

Historical (1850—2000) values are from Lamarque et al. (2010). RCP values are from van Vuuren et al. (2011) and references therein.

2010) and soil nitrogen (Steinkamp and Lawrence, 2011), aCMIP5 simulations of historical and future climate change,
well as the more standard climate-sensitive lightning emis-along with additional sensitivity simulations aiming to better
sions. Hence there is a need for characterization of the forcunderstand the role of particular processes driving the non-
ings imposed in the CMIPS5 historical and future simulations, CO, anthropogenic climate forcing (such as the aerosol in-
and for diagnostics to help understanding the causes of thdirect effects and the effects of specific precursors on tropo-
differences in forcings from model to model. spheric ozone). Finally, through its multi-model setup, AC-
The Atmospheric Chemistry and Climate Model Inter- CMIP provides a range in forcing estimates.

comparison Project (ACCMIP) aims to better evaluate the In addition, ACCMIP benefits from a wealth of new and
role of atmospheric chemistry in driving climate change, updated observations related to atmospheric chemistry to
both gases and aerosols. Effectively, ACCMIP targets theevaluate and further our understanding of processes link-
analyses of the driving forces of climate change in the simu-ing chemistry and climate. ACCMIP studies take advan-
lations being performed in CMIP5 (Taylor et al., 2012; note tage of these measurements by performing model evalua-
that in this document, ACCMIP is identified by the previ- tions, especially with respect to their simulations of tropo-
ous acronym, AC&C#4) in support of the upcoming IPCC spheric ozone and aerosols, both of which have substantial
Fifth Assessment Report (AR5). After an initial meeting in climate forcing that varies widely in space and time (Shindell
2009, ACCMIP was organized at an April 2011 workshop et al., 2012). For this purpose, observations such as retrievals
where simulations, requested output and associated protdrom the Tropospheric Emission Spectrometer (TES), the
cols and analysis teams were thoroughly defined. ACCMIPOzone Monitoring Instrument (OMI), the Moderate Res-
consists of a set of numerical experiments designed to proelution Imaging Spectroradiometer (MODIS) on the Aura
vide insight into atmospheric chemistry driven changes in thesatellite, the Cloud-Aerosol Lidar and Infrared Pathfinder

www.geosci-model-dev.net/6/179/2013/ Geosci. Model Dev., 6, 12035-2013



182 J.-F. Lamarque et al.. ACCMIP overview

Table 2. List of participating models to and ACCMIP simulations performed. The number of years (valid for each experiment) is listed in
the acchist 2000 column.

acchist accrcp26 accrcp4s accrcp60 accrcp8s
Model 1850 1930 1980 2000 2030 2100 2030 2100 2010 2030 2100 2030 2100

CESM-CAM-Superfast X X X 10 X X X X X X
CICERO X 1 X X

CMAM

EMAC-DLR
GEOSCCM
GFDL-AM3
GISS-E2-R
GISS-E2-R-TOMAS
HADGEM2
LMDZORINCA
MIROC-CHEM
MOCAGE
NCAR-CAM3.5
NCAR-CAM5.1
STOC-HadAM3
UM-CAM

X

N
o

X X X
X X X
X X X
><><><><

X
X
X

x X
x X
x X
x X

X
X X

X X
N

X X x X

XXX X x5 X

x
X x

x x X

X X x X

X X x X

X X x X

X X x X o

10 X X
10 X X X X

Model Em2000 Em2000 Em2000 Em2000 Em2000 Em2000 Em2000
CI1850 CH41850 NOx1850 CO1850 NMVOC1850 CI2030  CI2100

CESM-CAM-Superfast X X X
CICERO X X X X

CMAM

EMAC-DLR X X X
GEOSCCM

GFDL-AM3 X X X X
GISS-E2-R
GISS-E2-R-TOMAS
HADGEM2
LMDZORINCA
MIROC-CHEM
MOCAGE
NCAR-CAM3.5
NCAR-CAM5.1
STOC-HadAM3
UM-CAM X X X X X X X

Moo XX X X XX g e X s X X g
X X X X x X
Xoog XX XX XX g 5 X s XX
-
o

> x
> x

X X X
<
<
<
P
X x
X x

Satellite Observations (CALIPSO), and the ground-based The paper is organized as follows: in Sect. 2, we provide
Aerosol Robotic Network (Aeronet) will be used. an overview of the ACCMIP simulations. Section 3 describes
This paper is the ACCMIP overview paper and as suchthe main characteristics of the participating models. Sec-
serves as a central repository of information relevant to thetion 4 focuses on the evaluation of the present-day simula-
ACCMIP simulations (of which 14 were requested), the tions against observations, with a particular focus on selected
16 models performing them and the various ACCMIP pa- physical climate variables (precipitation, specific humidity,
pers presently submitted to the Atmospheric Chemistry andemperature and zonal wind). Section 5 provides a descrip-
Physics ACCMIP Special Issue, discussing (1) aerosols andion of the climate response to simulated historical and pro-
total radiative forcing (Shindell et al., 2012a), (2) histori- jected changes in the same physical climate variables. Sec-
cal and future changes in tropospheric ozone (Young et al.tion 6 presents a brief discussion and overall conclusions.
2012), (3) tropospheric ozone radiative forcing and attribu-
tion (Stevenson et al., 2012), (4) ozone comparison with
TES (Bowman et al., 2012), (5) black carbon deposition (Lee2 Description of simulations, output protocol and data
etal., 2012) and (6) OH (hydroxyl radical) and methane life-  access
time in the historical (Naik et al., 2012a) and future (Voul-
garakis et al., 2012) simulations. As such, we present herd he ACCMIP simulations (Table 1) consist of time slice ex-
only the overall suite of model characteristics, simulationspPeriments (for specific periods spanning 1850 to 2100 with
performed and evaluation of selected climate variables, sinc& minimum increment of 10yr) with chemistry diagnostics,
the evaluation and analysis of chemical composition and inroviding information on the anthropogenic forcing of his-
depth model descriptions will be addressed as needed in eadRrical and future climate change in the CMIP5 simulations,
paper. including the chemical composition changes associated with
this forcing. Each requested simulation is labeled as Primary

Geosci. Model Dev., 6, 17206, 2013 www.geosci-model-dev.net/6/179/2013/
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Fig. 2. Time evolution of global-averaged mixing ratio of long-lived species 1850-2100 following each RCP; blue (RCP2.6), light blue
(RCP4.5), orange (RCP6.0) and red (RCP8.5). CIOy and BrOy are the total organic chlorine and bromine compounds, respectively, summa-
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(“P™) or Optional (“O”). Note that additional simulations (ad- NMHCs CcO
ditional time slices or sensitivity tests) were performed by 1200 frq ¢yt ' 1800 Fro ' R
only a limited number of modeling groups. For clarity, they 1000 1600 3
are not listed in Table 1 but will be referred to in some of the soo F 1‘2‘88 i # L f
ACCMIP papers. 600 F 1000 E E
Figures 1 and 2 show the prescribed evolution of short- 4o t 800 F E
lived precursor emissions and long-lived specie concentra- 55, £ 600 | L E
tions _for the d|ffer_ent periods and “scen_arlos in trJe study. For 1850 1980 2000 400 e 1980 2000
the historical period, beyond the “pre-industrial” (represen- time slice time slice
tative of year 1850 emissions) and “present-day” (represen- Total NOx Lightning NOXx
tative of year 2000 emissions) time slices, we have included oo T ToN T
1930 (beginning of the large increase in global anthropogenic €0 | 9myr 1 wpY -
emissions) and 1980 (peak in anthropogenic emissions over 50 ¢ ; s b ]
Europe and North America). 40 F T ; ok ]
Projection simulations follow the Representative Concen- 30 ¢ : A 1
tration Pathways (RCPs; van Vuuren et al., 2011 and ref- 20 ¢ * ;
erences therein) for both short-lived precursor emissions 10E . P 2t ]

(Fig. 1) and long-lived specie concentrations (Fig. 2; Mein-
shausen et al., 2011). Amongst the 4 available RCPs, a high

er

1850 1980

time slice

2000

1850 1980 2000

time slice

simulation priority was given to RCP6.0 since it has short- rig. 3. Time evolution of historical total (anthropogenic + biomass
lived precursor emissions significantly different from the purning + natural) emissions of NOCO and NMHCs. In addition,
other RCPs, especially in the first half of the 21st centurylightning emissions are shown. For each time slice, the filled circle
(Fig. 1); however, RCP2.6 and RCP8.5 are still scientifically indicates the mean, the solid line the median, the extent of the box
important since they provide the extremes in terms of 2100s 25-75% and minimum and maximum are shown (adapted from
climate change and methane levels. In addition to the pri-Young etal., 2012).

mary simulations at 2030 and 2100, an optional time slice at

2050 is included as this time horizon is of interest to policy . . . ) ) o
makers. emissions on constituents and for isolating aerosol indirect

Additional simulations were completed, using 2000 emis_effects:. In these, the sea surface temperatures and long-lived

sions but with an 1850, 2030 and 2100 (both with RCP8 5)specie concentrations were specified following their values
climate, to separate the effects of climate change and" the target climate.

www.geosci-model-dev.net/6/179/2013/ Geosci. Model Dev., 6, 12035-2013
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Table 3. Model description summary.
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Model Modelling Center Model Contact Reference
1 CESM-CAM-Superfast LLNL, USA Dan Bergmann Lamarque et al. (2012)
Philip Cameron-Smith
2 CICERO-0OsloCTM2 CICERO, Norway Stig Dalsoren Skeie et al. (20114, b)
Ragnhild Skeie
3 CMAM CCCMA, Environment David Plummer Scinocca et al. (2008)
Canada, Canada
4 EMAC DLR, Germany Patrickakkel, Bckel et al. (2006)
Veronika Eyring
Mattia Righi
Irene Cionni
5 GEOSCCM NASA GSFC, USA Sarah Strode Oman et al. (2011)
6 GFDL-AM3 UCAR/NOAA, Larry Horowitz, Donner et al. (2011)
GFDL, USA Vaishali Naik Naik et al. (2012b)
7 GISS-E2-R(-TOMAS) NASA-GISS,USA Drew Shindell Koch et al. (2006)
Greg Faluvegi Shindell et al. (2012b)
8 GISS-E2-R-TOMAS NASA-GISS,USA Drew Shindell Lee and Adams (2011)
Greg Faluvegi Shindell et al. (2012b)
Yunha Lee
9 HadGEM2 Hadley Center, William Collins Collins et al. (2011)
Met.Office, UK Gerd Folbert
Steve Rumbold
10 LMDzORINCA LSCE, CEA/CNRS Sophie Szopa Szopa et al. (2012)
/UVSQ/IPSL, France
11 MIROC-CHEM FRCGC, JMSTC Tatsuya Nagashima Watanabe et al. (2011)
Japan Kengo Sudo
12 MOCAGE GAME/CNRM Beatrice Josse Josse et al. (2004)
MéteoFrance, France Teyxdre et al. (2007)
13 NCAR-CAM3.5 NCAR,USA Jean-Francois Lamarque Lamarque et al. (2011, 2012)
14 NCAR-CAM5.1 PNNL, USA Steve Ghan X. Liu et al. (2012)
15 STOC-HadAM3 University of lan McKenzie Stevenson et al. (2004)
Edinburgh,UK David Stevenson
Ruth Doherty
16 UM-CAM NIWA, New Zealand Guang Zeng Zeng et al. (2008, 2010)

As variations in the solar activity since 1850 is of lim- collection. For the analysis of these models, output fields
ited importance for tropospheric chemistry, no specifica-were averaged over an 11-yr window centered on the target
tion was made in the ACCMIP protocol. Suggested vol- time-slice year (e.g. 2025-2035 for the 2030 time slice).
canoes and associated stratospheric surface area density
follow CCMVal (http://www.pa.op.dir.de/CCMVal/Forcings/ 2.1 Emissions and concentration boundary conditions
CCMVal_ForcingsWMO2010.htm}, with no volcanic erup- . ) o
tions in the future. Consistent gridded emissions data from 1850 to 2100 were

The proposed simulation length was 4—10yr (excludingcreated in support of CMIP5 and of this activity; the his-

spinup, see Table 2) using prescribed monthly sea surfactorical (1850-2000) portion of this dataset is discussed in

temperature (SST) and sea ice concentration (SIC) distri-@marque et al. (2010). The year 2000 dataset was used for

butions, valid for each time slice and averaged over 10 yr_harmonization with the future emissions determined by In-

This averaging was designed to reduce the effect of inter€grated Assessment Models (IAMs) for the four RCPs de-
cribed in van Vuuren et al. (2011) and references therein.

annual variability and therefore provide optimal conditions S

from which average composition changes and associateé_\s shown in Fig. 1 all emissions necessary for the simula-
forcings can be more readily computed. Output from tran-tion of tropospheric ozone and aerosols between 1850 and

sient simulations performed with two coupled chemistry—2100 are available for both anthropogenic activities (includ-

climate—ocean models (i.e. CMIP5 runs, performed by GISSNd biofuel, shipping and aircraft) and biomass burning.

E2-R and LMDzORINCA) is also part of the ACCMIP data

Geosci. Model Dev., 6, 17206, 2013 www.geosci-model-dev.net/6/179/2013/
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Model Type Resolution (lat/lon/# levels), Methane
Top level

CESM-CAM-Superfast CCM 1.875/2.5/L.26, 3.5hPa Prescribed atmospheric concentrations with spatial
variation, different for each time slice

CICERO-OsloCTM2 CTM 2.8/2.8/L60, 0.11 hPa Prescribed surface concentrations - zonal averages from
IPCC TAR for historical; CMIP5 surface concentrations
scaled to be consistent with present-day levels in the
historical simulations for RCP simulations

CMAM CCM 3.75/3.75/L71, 0.00081 hPa Prescribed year-specific surface concentrations follow-
ing CMIP5. Different in each time slice

EMAC CCM T42/L90, 0.01 hPa Prescribed surface concentrations (following CMIP5),
different in each time slice

GEOSCCM CCM 2/2.5/L72,0.01 hPa Prescribed surface (two bottom levels) concentrations.
Surface methane has a prescribed latitudinal gradient,
normalized to match the CMIP5 value at the time slice
period

GFDL-AM3 CCM 2/2.5/L48, 0.017 hPa Prescribed surface concentrations (following CMIP5),
different in each time slice

GISS-E2-R(-TOMAS) CCM 2/2.5/L40, 0.14 hPa Prescribed surface concentrations for historical (follow-
ing CMIP5), emissions for future

HadGEM2 CCM 1.24/1.87/L38, hPa Prescribed surface concentrations

LMDzORINCA CCM 1.9/3.75/L19, hPa Emissions for historical and future

MIROC-CHEM CCM 2.8/2.8/L80, 0.003 hPa Prescribed surface concentrations (following CMIP5),
different in each time slice

MOCAGE CT™M 2.0/2.0/L47, 6.9 hPa Prescribed surface concentrations (following CMIP5),
different in each time slice

NCAR-CAM3.5 CCM 1.875/2.5/L26, 3.5 hPa Prescribed surface concentrations (following CMIP5),
different in each time slice

NCAR-CAMS5.1 CCM 1.875/2.5/L30, 3.5 hPa Prescribed distributions from NCAR-CAM3.5

STOC-HadAM3 CGCM  5.0/5.0/L19, 50 hPa Prescribed globally uniformy €bhcentrations.
Different for each time slice following CMIP5 dataset

UM-CAM CGCM  2.5/3.75/L19, 4.6 hPa Prescribed atmospheric concentration with no spatial

variation; different for each time slice

Concentrations of long-lived chemical species and greenfurthermore, the output also includes important diagnostics
house gases were based on the observed historical recotd document these, such as the hydroxyl radical concen-
(1850-2005) and on the RCP emissions, converted to contration, photolysis rates, various ozone budget terms (e.g.
centrations by Meinshausen et al. (2011) and shown in Fig. 2production and loss rates and dry deposition flux), spe-

Unlike anthropogenic and biomass burning emissions, nateific chemical reaction rates, nitrogen and sulfate deposition
ural emissions (mostly isoprene, lightning and soil )NO rates, emission rates, high-frequency (hourly) surface pollu-
oceanic emissions of CO, dimethylsulfide, NHind emis-  tant concentrations §)NO, and PM 5) and diagnostics of
sions of non-erupting volcanoes) were not specified. No attracer transport. A complete list of the monthly output is pro-
tempts were made at harmonizing natural emissions betweevided as Table S1. For all variables, Climate Model Output
modeling groups, leading to a range in emissions (Fig. 3).Rewriter (CMOR, seéttp://www2-pcmdi.linl.gov/cmarta-

A summary of the emissions as implemented in each modebles have been created, based in part on protocols defined
is listed in Table 3 and further discussion on variations be-for previous model intercomparisons, such as Hemispheric
tween model natural emissions is provided in Sect. 3. Transport of Air Pollutants (HTAP, sehbttp://www.htap.
org), Aerosol Comparisons between Observations and Mod-
els (AeroCOM, seéttp://aerocom.met.np/and Chemistry-
Climate Model Validation (CCMVal, sebttp://www.pa.op.
dir.de/CCMVa). All ACCMIP-generated data follow stan-
dardized netCDF formats and use Climate and Forecast (CF;

2.2 Simulation output

The ACCMIP simulations provide as output the concen-
tration or mass of radiatively active species, aerosol opti-
cal properties, and radiative forcings (clear and all sky).

www.geosci-model-dev.net/6/179/2013/ Geosci. Model Dev., 6, 12035-2013
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Table 3. Continued.

Model Lightning NG Other Natural emissions

CESM-CAM-Superfast Interactive, based on model’s convection (Pri@®nstant present-day isoprene, £H soil
etal., 1997) NOy, DMS and volcanic sulfur, oceanic CO

CICERO-OsloCTM2 Interactive, based on model’s convection (Pricgonstant present-day (year 2000). From the
etal., 1997) and scaled to 5 Tg N'Vr RETRO dataset: CO, NQ CoHg,CoHg,

C3Hg, C3Hg, ISOPRENE, ACETONE. Vari-
ous datasets: SQH,>S, DMS, TERPENES, sea
salt, NH;

CMAM Interactive, based on convective updraft mas€onstant; pre-industrial soil NOemission of
flux (modified version of Allen and Pickering, 8.7 Tg Nyr 1 plus CMIP5 Agriculture (soil)
2002) anthropogenic enhancement; CO emissions of

250 TgCOyr ! as proxy for isoprene oxidation
distributed as Guenther et al. (1995)

EMAC Interactive, updraft velocity as a measure ofClimate sensitive soil NQ isoprene and light-
convective strength and associated cloud elecing NOx and soil NO. Constant present-day
trification with the flash frequency (Grewe (year 2000) S@ emissions from volcanoes
etal., 2001) (Dentener et al., 2006), biogenic emissions of

CO and VOC (Ganzeveld et al., 2006), terres-
trial DMS (Spiro et al., 1992)

GEOSCCM Fixed emissions with a monthly climatologyClimate-sensitive soil NQand biogenic VOC

based on Price et al., scaled to 5 Tg N'¥r emissions of isoprene and CO from monoter-
pene. Biogenic propene and CO from methanol
is scaled from isoprene. No oceanic CO

GFDL-AM3 Interactive, based on model’s convection (Priceonstant pre-industrial soil N constant
etal., 1997), scaled to produee3-5 TgN. present-day soil and oceanic CO, and biogenic
VOC; climate-sensitive dust, sea salt, and DMS
GISS-E2-R Interactive, based on model’s convection (mod€limate-sensitive isoprene based on present-
(-TOMAS) ified from Price et al., 1997) day vegetation, climate sensitive dust, sea salt,
DMS; constant present-day soil NQalkenes,
paraffin
HadGEM2 Interactive, based on model’s convection (Priderescribed: soil N@, BVOC (as CO), DMS
and Rind, 1992) Climate sensitive: sea salt, dust
LMDzORINCA Interactive, based on model’s convection (Pric€onstant soil N, oceanic CO (no soil
etal., 1997) CO) and oxygenated biogenic compounds for
present-day
MIROC-CHEM Interactive, based on model’s convection basedonstant present-day VOCs, soil-Nox, oceanic-
on Price and Rind (1992) CO (no soil CO); climate-sensitive dust, sea
salt, DMS
MOCAGE Climate sensitive (based on Price and RindZonstant present-day isoprene, Other VOCs,
1992 and Ridley et al., 2005) Oceanic CO, Soil NOx
NCAR-CAM3.5 Interactive, based on model’s convection (PricEonstant pre-industrial soil NO emissions,
et al., 1997; Ridley et al., 2005), scaled to proeonstant present-day biogenic isoprene, bio-
duce~ 3-5TgN. genic and oceanic CO, other VOCs and DMS;
climate-sensitive dust, sea salt
NCAR-CAMS5.1 NA Sea salt, DMS, mineral dust, wildfire
BC&POA, smoldering volcanic S
STOC-HadAM3 Interactive, based on model’s convection (Pridgonstant, present-day emissions of NO, CO,
and Rind, 1992; Price et al., 1997) NH3, VOC, DMS and H from veg, soil

and ocean. Present-day volcanic,SQlimate-
sensitive isoprene
UM-CAM Climate sensitive; based on parameterizatio®€onstant present-day biogenic isoprene, soll
from Price and Rind (1997) NOx, biogenic and oceanic CO
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Table 3. Continued.

Model SSTs/SICE

CESM-CAM-Superfast Decadal means from fully coupled CESM-CAM model simulation for CMIP5, except for the
RCP2.6 and RCP6.0 simulations which used SSTs from an earlier version (CCSM3)

CICERO-OsloCTM2 CTM. Met fields: Forecast data for year 2006 from ECMWF IFS model

CMAM Decadal means from two members of CCCma CanESM2 CMIP5 simulations

EMAC Decadal means from the CMIP5 run carried out with the CMCC Climate Model

GEOSCCM 1870s AMIP SSTs for the 1850 time slickttp://www-pcmdi.linl.gov/projects/amip/

AMIP2EXPDSN/BCS/bcsintro.phpbased on HadISST vl and NOAA Ol SST v2 (Hurrell
et al., 2008). SSTs from the CCSM4 for 2100 RCP60 time slice (Meehl et al., 2012)

GFDL-AM3 Decadal mean SSTs/SICE from one member of GFDL-CM3 CMIP5 simulations

GISS-E2-R(-TOMAS) Transient, with simulated SSTs/SICE (CMIP5/ACCMIP runs)

HadGEM2 HadGEM2 CMIP5 transient run for the appropriate time period (Jones et al., 2011).

LMDzORINCA SSTs/SICE from HadiSST for historical and from AR4 simulations of IPSL-CM4 ESM (B1,
Al1B, and A2 for 4.5, 6.0, and 8.5, respectively, and scenario E1 (van Vuuren et al., 2007) for
RCP2.6)

MIROC-CHEM monthly mean SSTs/SICE from MIROC-ESM CMIP5 simulations; data for the corresponding
ACCMIP time slice year is used and repeated over the years of model integration

MOCAGE No SSTs/SICE (CTM); met. fields taken from atmosphere-only ARPEGE-Climate runs, using
SSTs/SICE from CMIP5 runs

NCAR-CAM3.5 SSTs/SICE from AR4 CCSM3 simulations (historical and SRES 2000 commitment, B1, A1B,
and A2 for RCP 2.6, 4.5, 6.0, and 8.5, respectively)

NCAR-CAM5.1 Decadal mean SST/Sea ice from fully coupled CESM-CAM5 model simulation for CMIP5

STOC-HadAM3 Same as HadGEM2

UM-CAM Same as HadGEM2

http://cf-pcmdi.linl.goy compliant names whenever avail- i.e. driven by externally specified meteorological fields from
able. analysis — CICERO-OsloCTM2, or climate model fields —
Not every model performed all simulations, even the pri- MOCAGE). Two others (UM-CAM and STOC-HadAM3)
mary ones. The overall availability of results for each modelare referred to as Chemistry-General Circulation Models
and each simulation is shown in Table 2. Data are cur(CGCMSs): they provide both prognostic meteorological and
rently archived at the British Atmospheric Data Centre (seechemical fields, but chemistry does not affect climate. All
http://badc.nerc.ac.0k with a data access policy provid- other models are identified as Chemistry Climate Models
ing one year of access to participating groups only, fol-(CCMSs): in this case, simulated chemical fields (in addition
lowed by general public access to be granted no later thamo water vapour) are used in the radiation calculations and

31 July 2013. hence give a forcing on the general circulation of the atmo-
sphere. Aerosol indirect effects are available in all classes of
models.

3 Model description In several cases, different models share many aspects:

UM-CAM and Had-GEM2 use different dynamical cores,
In this section, we provide an overview of the 16 models thatbut share many parameterizations such as convection and
participated in ACCMIP simulations. In addition to these, the the boundary layer scheme. On the other hand, UM-CAM
CSIRO-Mk3.6 CCM (Rotstayn et al., 2012) provided a lim- and STOC-HadAM3 share the same dynamical core. A high
ited set of diagnostics and is included in the aerosol analysislegree of similarity is also found in GISS-E2-R and GISS-
of Shindell et al. (2012a). Also, results from the TM5 model E2-R-TOMAS (different aerosol scheme; we will use the
(Huijnen etal., 2010) are used in Stevenson et al. (2012). Theerminology GISS-E2s when common characteristics are
overview discusses the main aspects of relevance to chemtiscussed) and NCAR-CAM3.5 and CESM-CAM-Superfast
istry and atmospheric chemical composition. A more exten-(different chemistry scheme). Also, NCAR-CAM3.5 and
sive description of each model is available as Supplement. NCAR-CAM5.1 share the same dynamical core and several

physics parameterizations but differ in their representation of
3.1 General discussion clouds, radiation and boundary-layer processes; these mod-

S ) ) els can be considered as distinct.
The participating models are listed in Table 3. Of those,

two are identified as Chemistry Transport Models (CTMs,

www.geosci-model-dev.net/6/179/2013/ Geosci. Model Dev., 6, 12035-2013
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Table 3. Continued.

Model Composition-Radiation Photolysis scheme
Coupling
CESM-CAM-Superfast Online $O, O3, SOy; offline Oy, COp,  Look-up table with correction for modeled clouds,

N2O, CH;, CFC11, CFC12, BC, OC, stratospheric @and surface albedo, not aerosols.
dust, sea salt
CICERO-OsloCTM2 No coupling (CTM) Online using the Fast-J2 (Wild et al., 2000; Bian and
Prather, 2002); accounts for modeled, @louds, sur-
face albedo and aerosols

CMAM Online Oz, HyO; offline COy, CHy, Look-up table depending on modeled strag.&d sur-
N2O, CFC-11 and CFC-12 face albedo; correction for clouds (follows Chang et al.,
1987)
EMAC Online Gz, HoO, SQy, CHy, CFCs; cli-  Online calculations of photolysis rate coefficients (J-
matological aerosols values) using cloud water and ice content, cloudiness
and climatological aerosol@gdkel et al., 2006)
GEOSCCM online HO, O3, NoO, CH;, CFC- Online (FastJX); accounts for clouds, strag,Gnd
11,CFC-12,HCFC-22; offline aerosols albedo; uses offline aerosols from GOCART
GFDL-AM3 Online H0, O3, SO, BC/OC, SOA, Look-up table, based on TUV (v4.4); frequencies ad-
sea salt, dust; offline C{{ CFCs, NO, justed for modeled clouds, stratgand surface albedo,
COy not for aerosols
GISS-E2-R(-TOMAS) Online KO, O3, SOy, BC/OC, sea salt, Online (Fast-J2 scheme); accounts for modeled clouds,

dust, NQ; offline/online CH; for his- strat. G, aerosols, surface albedo
torical/future; offline CQ@, N>O, CFCs;

HadGEM2 Online tropospheric 9 CHy, H2O, Look-up table (Law and Pyle, 1993); no correction for
SOy, BC, OC, dust; offline CFCs, §O, modeled fields
strat G
LMDzORINCA Offline COy,, CHy, CFC and NO; no Look-up table, based on TUV (v4.1); frequencies ad-
aerosol interactions justed for modeled clouds, stratgand surface albedo,
not for aerosols
MIROC-CHEM Online KO, O3, SO, BC/OC, sea salt, Online coupled with radiation code considering gas
dust, CFCs, NO; offline CH;, CO» absorption and cloud/aerosol/surface albedo, based on
Landgraf and Crutzen (1998)
MOCAGE No coupling (CTM) Look-up table with correction for modeled clouds,
stratospheric @and surface albedo, not aerosols
NCAR-CAM3.5 Online BO, Oz, SO, BC/OC, SOA, Look-up table with correction for modeled clouds,
sea salt, dust, Ci{ CFCs, NO; offline  stratospheric @and surface albedo, not aerosols
COy
NCAR-CAM5.1 Online KO, aerosol with water uptake NA
by «-Kohler
STOC-HadAM3 No coupling (CTM) 1-D, two-stream model (Hough, 1988). Uses climato-
logical ozone above tropopause and modelled ozone be-
low
UM-CAM Offline O3 (CMIP5 database), C{{ Look-up table (Law and Pyle, 1993); no correction for
COy, N2O, CFCs modeled fields

Different grid structures are used for the horizontal dis-and UM-CAM). While the physics calculations in STOC-
cretization. EMAC and CICERO-OsloCTM2 are based on HadAM3 are performed at2° x 3.75°, this model uses a La-
a quadratic Gaussian grid of approximately°2i&. a spher-  grangian chemical transport scheme, after which the fields
ical truncation of T42. CMAM is also a spectral model and are remapped onto & & 5° grid for output. While the hor-
was run at T47, though uses a regular grid(33.8 degree) izontal resolutions are relatively homogeneous, the models
for physical parameterizations. GFDL-AM3 has a horizontal have a greater range of vertical extent and resolution. Top
domain consisting of aX648x 48 cubed sphere-grid, with the levels range from 50hPa (STOC-HadAM3) to 0.0081 hPa
grid size varying from 163 km (at the 6 corners of the cubed(CMAM), with a number of levels varying from 19 (LMD-
sphere) to 231 km (near the centre of each face). All remainzORINCA, STOC-HadAM3 and UM-CAM) to 90 (EMAC)
ing models use a regular latitude-longitude grid ranging from(Fig. 4).
1.25° x 1.875 (HadGEM2) to 25° x 3.75° (STOC-Hadam3

Geosci. Model Dev., 6, 17206, 2013 www.geosci-model-dev.net/6/179/2013/
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Table 3. Continued.

Model Species simulated Stratospheric Ozone

CESM-CAM-Superfast 16 gas species; interactive sulfate; no aerosol indireictearized ozone chemistry
effects

CICERO-OsloCTM2 93 gas species; BC, OC, sea salt, nitrate, sulfate, sggroz. Q flux 450 Tgyr 1
ondary organic aerosols

CMAM 42 gas-phase species; No prognostic aerosols; specifiedll stratospheric chemistry
monthly average sulphate distribution for hydrolysis re-
actions

EMAC 96 gas-phase species, 8 additional species and 41 reRual stratospheric chemistry
tions for liquid phase chemistry, no prognostic aerosol

GEOSCCM No aerosols, 120 gas-phase species Full stratospheric chemistry

GFDL-AM3 81 gas species; interactive CBC/OC, SOA, NH,  Full stratospheric chemistry
NOs, sea salt and dust; AIE included

GISS-E2-R 51 gas species; interactive sulfate, BC, OC, sea sdafull stratospheric chemistry

(-TOMAS) dust, NG, SOA; AIE included

HadGEM2 Interactive S@ BC, OC, sea salt, dust; AIE included.Offline stratospheric © from
41 species CMIP5 dataset

LMDzORINCA 82 gas species; no aerosols Offline stratosphegqdimatol-

ogy from Li and Shine, 1995)

MIROC-CHEM 58 gas species; SOBC, OC, sea salt, dust; AIE in- Full stratospheric chemistry
cluded

MOCAGE 110 gas species; no aerosols Full stratospheric chemistry

NCAR-CAM3.5 117 gas species; BC, OC, §NOg, SOA, dust, sea Full stratospheric chemistry
salt

NCAR-CAM5.1 DMS, SQ, HoSOq gas SQ, BC, SOA, POA, sea salt, Prescribed  distributions  from

and mineral dust aerosol internally mixed in 3 modeBICAR-CAM3.5
with predicted number. AIE included.

STOC-HadAM3 65 gas phase species,30d NG; aerosol Offline stratospheric 30 from
CMIP5 dataset
UM-CAM 60 gas phase species; no aerosols Offline stratospheric ozone from

CMIP5 dataset

3.2 Deep convection that even with a single scheme, there is a wide variation in
behaviour depending on details such as closure of the cloud-
In CCMs, various convection schemes are used:Pase mass flux. Furthermore, implementation details in the
Tiedtke (1989) for EMAC, Gregory and Rowntree (1990) transport of tracers will make the impact of convection dif-
for Had-GEM2 and GISS-E2s, Arakawa-Schubert for ferent between models. The variations in representing deep
GEOSCCM (Moorthi and Suarez, 1992), Emanuel (1991,c0nvection as well as any shallow coqvection processes can
1993) for LMDzORINCA, and Zhang and McFarlane (1995) therefore be a source of inter-model differences with respect
for CMAM, CESM-CAM-Superfast, NCAR-CAM3.5 and !0 the vertical transport of chemical constituents, especially
NCAR-CAM5.1. in the tropical regions. Unfortunately, very few models pro-
In CGCMs, the convective diagnostics are obtained fromvided convective mass flux as output and a more complete
the driving GCM, following Gregory and Rowntree (1990) discussion cannot take place without additional simulations.
in the case of UM-CAM and Collins et al. (2002; this model
uses convective mass fluxes from HadAM3 to derive the3.3 Wet and dry deposition
probability of a parcel being subject to convective transport)
in the case of STOC-HadAM3. CICERO-OsloCTM2 uses Wet removal and deposition of chemical species depends
the convective mass flux (based on the Tiedtke, 1989 paramen their solubility, itself defined in terms of their Henry's
eterization) from the ECMWF Integrated Forecast Systemlaw effective coefficient, for gases and their hygroscopic-
(IFS). MOCAGE re-computes its own distribution of con- ity for aerosols. Removal by both large-scale and convec-
vection using Bechtold et al. (2001). tive precipitation is taken into account. Many models fol-
All these parameterizations are based on the mass-flux agew a first-order loss parameterization (e.g. Giannakopoulous
proach. However, Scinocca and McFarlane (2004) showedt al., 1999). In Oslo-CTM2 only rainout, i.e. scavenging in
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Table 3. Continued.

Model NMHCs
CESM-CAM-Superfast Isoprene only
CICERO-OsloCTM2 GHy, CoHg, C3Hg, C3Hg, C4H1g (butanes + pentanes)gB14, hexanes + higher alkanes),

CH,0O, CHzCHO (other alkanals), ACETONE (ketones), AROMATICS (benzene + toluene +
trimethylbenzenes + xylene +otheromatics), isoprene, terpenes

CMAM None

EMAC Up to isoprene

GEOSCCM MEK & C3 ketones), PRPE (propene andC3 alkenes), gHg, C3Hg, CHoO, ALK4 (> C4
alkanes), acetaldehyde, isoprene, monoterpene, biogenic propene

GFDL-AM3 Monoterpenes, §H,, C2H50H, GHg, C3Hg (C > 3 alkenes), gHg, C4H1g (C > 4 alkanes),
CH,0O, CH3COCHg, CH30H, and isoprene

GISS-E2-R Isoprene, terpernes, alkenes (propene, other alkenes and alkynes, ethene), paraffin (propane,

(-TOMAS) pentanes, butanes, hexanes and higher alkanes, ethane, ketones)

HadGEM2 Up to propane

LMDzORINCA Isoprene, Terpenes, GAH, C;H50H, GHg, C3Hg, ALKAN, CoHyg, C3Hg, CoHo, ALKEN,,
AROM, CH,O, CH3CHO, CH;COCHs, MEK, MVK, CH3COOH

MIROC-CHEM GHg, C3Hg, CoHy4, C3Hg, acetone, CHOH, HCHO, CHCHO, a lumped species (ONMV),
isoprene and terpenes

MOCAGE Benzene, butanes, esters, ethane, ethene, ethers, ethyne, HCHO, hexanes and higher alkanes,

isoprene, ketones, other alkanals, other alkenes and alkynes, other aromatics, other VOC, pen-
tanes, propane, propene, toluene, trimethyl benzene, xylene, terpenes, alcohols, acids

NCAR-CAM3.5 GHgy, PAR, OLE, toluene, ChO, CHzCHO, isoprene, ¢H1g

NCAR-CAM5.1 SOA gas from emitted monoterpene, isoprene, soluene, big alkanes, big alkenes with prescribed
yields

STOC-HadAM3 CHOH, GyHg, C3Hg, NC4H1g, CoHa, C3Hg, HCHO, CH;CHO, MVK, acetone, toluene,
o-xylene, isoprene (plus some others)

UM-CAM CoHg, C3Hg, HCHO, CHyCHO, CH;COCHg, isoprene

clouds, is represented, while all the other models also include

10* ‘ ‘ ‘ ‘ ‘ washout, i.e. scavenging below clouds. Moreover, GISS-E2s
describe detrainment (of mass and chemical species) and
103t X cram ; evaporation from convective plumes (Shindell et al., 2001).
@ wroccrem Dry deposition velocities are commonly represented using
. B seoscem the resistance approach (e.g. Wesely, 1989), which takes into
107 X emac 4 . .
7 ®orovans account land-cover type, boundary-layer height and physi-
g ) cal/chemical properties of the given species. Deposition ve-
g1 ®ossezn Oecceroosscnz | locities are calculated through this approach in all models,
g S with various degrees of complexity and averaging of under-
10° 1 lying vegetation distributions (UM-CAM specifies the de-
@6()@““”" S:f;z::fhemcnemm position velocities offline). For aerosols, dry deposition in-
100 | s 25 R wocsce X Stratospheric Chemistry | cludes gravitational settling, and for some models the addi-
o feedback tional complexity of size-resolved deposition processes are
10? Osrocssann: ‘ ‘ ‘ used (in GISS-E2-R-TOMAS and NCAR-CAMS5.1).
o 20 40 60 80 100 120

Number of Levels
3.4 Natural emissions
Fig. 4. Vertical extent and number of levels for each ACCMIP
model. In addition the representation of tropospheric chemistry,\while all anthropogenic and biomass burning emissions
stratospheric chemistry and tropospheric aerosols is indicated byyere specified (see Sect. 2.1), each modelling group indepen-
the combination of symbols. Note that, for clarity, CESM-CAM ey specified their natural emissions (note: in all models
has been displaced upward but should be overlapping NCARbut GISS-E2-R and LMDzORINCA. methane is treated as
CAM3.5. Feedback refers to the impact of explicitly resolved chem- ified f | t t diti d there-
ical species on radiation and therefore the simulated climate (se? Speci Ie_ sur.ace dyer concen r_a lon C.0n tion an ere
text for details). ore de_scnbed_ in Sect. _3.5). In particular, isoprene (and_ other
biogenic volatile organic compounds, VOCs) and ,\<oil
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emissions depend on meteorological and surface conditions
(e.g. Guenther et al., 2006; Yienger and Levy, 1995), and goN
these effects have been accounted for differently between
models. GEOSCCM has online emissions both for soikNO

and isoprene and other biogenic VOCs, whereas EMAC has 30N
online isoprene and soil NO emissions, and fixed biogenic
emissions for CO and other VOCs. GFDL-AM3, LMD- ]
ZORINCA, MOCAGE, NCAR-CAM3.5 and UM-CAM pre- 308

scribe fixed biogenic emissions, usually based on present- 60S - )
day estimates. GISS-E2-R, STOC-HadAM3 and CICERO- 4,¢ | e : . : .
OsloCTM2 have m_teractlve isoprene _but f|>_<ed soH_,NC_Dhls 0 60E  120E 180 120W 6OW 0
generates a relatively large range in soil N@&missions, GPCP 1995-2005

ranging from 2.7 Tg Nyr! (GISS-E2-R) to 9.3 Tg N yrt 90N e e e =
(CMAM) for present-day (see Table 2 in Stevenson et al., goN
2012) This range is similar, albeit somewhat smaller than

' Multi—m(}del mean 1

60N

the values of Steinkamp and Lawrence (2011; 8.6 TgNyr 30N
for their geometry mean estimate) or Jaegt al. (2005; 0
8.9TgNyr?). 308

For the lightning NQ emissions, most models use the pa-
rameterization of Price and Rind (1992) (or similar), which 60S
is based solely on the simulated convective activity. EMAC’s 90§ +———F——F——7T"—7T——1——
parameterization is based on the relation between updraft 0 60E 120E 180 120W 60W 0
velocity (and the associated cloud electrification) and flash Precip. (cm)
frequency (Grewe et al., 2001). Some models scale light-
ning NG fluxes to reach a preset global magnitude value 0 30 60 90 120 150 180 210 240 270 300 330
(specific to each model and usually chosen for present-day
only). All these allow for some coupling between climate goN4——u . 1. ..
and lightning. To the contrary, GEOSCCM uses a fixed light-
ning emissions at 5Tg N y# following the climatological
distribution from Price and Rind (1992). Note however that 30N -
lightning NO; emissions were erroneously high in MIROC- b
CHEM and erroneously low in HadGEM2. This all leads ]
to a spread of 1.2 to 9.7 Tg Nyt for the 2000 conditions ~ 30S
(Fig. 3; also Table 2 in Stevenson et al., 2012), with little 60S 1
variations over the historical period. Note that this range is ]
significantly wider than the &2Tg N yr ! satellite-based ~ 90S T AR MAaan
estimate of Martin et al. (2007). All these variations (with 180  120W  60W 0 60E 120E 180

| Multi-mc:del mean |

the addition of other biogenic and oceanic sources) lead to Precip. (cm)
the spread in total emissions displayed in Fig. 3 (also see Ta- Y T [ 7 7 T T T
ble 82) -130 -110 -90 -70 -50 -30 -10 10 30 50 70 90 110 130

Fig. 5. Top: multi-model annual precipitation from the 2000 time
slice experiment. Middle: annual precipitation from GPCP. Bottom:

. . difference (multi-model mean minus GPCP).
As mentioned in Sect. 2, monthly mean SSTs and SICs ( )

were prescribed, except for GISS-E2s and LMDzORINCA

in which case the SSTs/SICs are calculated online during\igdel, also based on ECHAMS, but with differences in res-
the transient simulation. Many models used the decadapjytion and shortwave radiation (Cagnazzo et al., 2007).
means (usually from a single ensemble member of multi- Some models used the previous AR4 simulations, ap-
ple transient simulations) from a companion CMIPS5 sim- plying an approximate correspondence between RCPs and

ulation (i.e. CESM-CAM Superfast, CMAM, GFDL-AM3, = SRES scenarios (GEOSCCM, NCAR-CAM3.5; see Lamar-
HadGEM2, LMDzORINCA MIROC-CHEM, MOCAGE, que et al., 2011). Finally, the CICERO-OsloCTM2 model

NCAR-CAMS5.1, STOC-HadAM3 and UM-CAM). Of these, sed analysis data for year 2006 from ECMWF IFS analy-
HadGEMZ, STOC-HadAM3 and UM-CAM use the same sis for all experiments_

SSTs and SICs from HadGEM2. EMAC used SSTs/SICs

from CMIP5 simulations carried out with the CMCC Climate

3.5 Boundary conditions
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Methane concentration (from Meinshausen et al., 2011Table 4. Globally-averaged mean bias and root-mean square dif-
see Fig. 2) is prescribed at the surface (bottom layer or twderence for annual mean 700 hPa temperature (K) and precipitation
layers, with or without a specified latitudinal gradient) in (mm day™). Note that because of their very similar climate diag-
many models. It is prescribed over the whole atmospheré‘_OStiCS- results from GISS-E2-R and GISS-E2-R-TOMAS are com-
in CESM-CAM-Superfast and NCAR-CAMS5.1 (using the Pined.

NCAR-CAM3.5 distribution) and in STOC-HadAM3 and

UM-CAM. Only LMDzORINCA uses methane emissions T700hPa (K) Precip (mm day)
for historical and future simulations, while GISS-E2s use Model Bias  RMSD Bias  RMSD
emissions only for future simulations. In both cases, those CESM-CAM-Superfast —0.06  0.94 0.19 1.25
simulations include climate-dependent wetland emissions. ~ CICERO 014 047 0.48 1.01
CMAM -010 1.14 0.28 1.41
. EMAC -062 111 N/A N/A
3.6 Photolysis GEOSSCM 077 122 017 111
GFDL-AM3 -140 171 0.31 1.34
Photolysis rates in the models are computed with off-line GISS-E2-R(-TOMAS) -0.36  1.03 0.51 1.54
(look-up table) or online methods. In the offline case, the E&‘é‘ig"éIZNCA —'\%23 g}is N’\/‘AA N’;‘AA
look-up .table cpntqlns values of photolysis rates for every MIROC-CHEM _1E3 229 0.08 129
photolytic reaction in the model over a range of pressures, y\ocace 099 148 005 204
solar zenith angles, overhead ozone columns and temper- NCAR-CAM3.5 -1.03 1.33 0.10 1.34
atures. These pre-computed values are filled once at the NCAR-CAM5.1 N/A N/A N/A N/A
start of the model run, and then interpolated at any time STOC-HadAM3 —-141 174 0.28 113
and grid point for the specific conditions in time and space. UM-CAM -153 183 0.12 1.08
Multi-Model mean —0.78 0.91 0.22 0.98

This method can be directly applied with a modulation to
take into account local clouds and surface albedo (CESM-
CAM-Superfast, CMAM, GFDL-AM3, LMDz-OR-INCA,
MOCAGE, NCAR-CAM3.5 and NCAR-CAM5.1), while
two models (HadGEM2, UM-CAM) do not apply such cor- its own lumping of NMHV emissions into species present in
rections. A drawback of this approach is the lack of couplingtheir chemical scheme. This is particularly important since it
with the simulated aerosols. will automatically define the total amount of NMHC emis-
Online photolysis schemes (CICERO-Oslo-CTM2, sions released into the model atmosphere and NMHC re-
EMAC, GEOSCCM, GISS-E2s, MIROC-CHEM and activity as well as affect yields of radicals and intermedi-
STOC-HadAM3), solve the radiative transfer equation atate product species such as formaldehyde and glyoxal. In
each time-step and gridpoint, depending on local temperaterms of NMHC chemistry, the smallest representations are
ture, pressure, aerosol content, cloudiness, surface albedm CESM-CAM-Superfast (where only isoprene is taken into
overhead ozone column and solar zenith angle. account) and in HadGEM2 which does not include isoprene
Note that a limited intercomparison of some stratospheric(only non-methane hydrocarbons up to propane are con-
(and therefore of limited relevance to this study) photolysissidered). However, some simulations were also performed
rates is available in Chapter 6 of SPARC CCMVal (2010). with HadGEM2-ExtTC (results of which are used only in
Standard deviation on the order of 10-20% are commorStevenson et al., 2012) which differ from HadGEM2 only
for the major photolysis rates, although this could becomeby its extended chemistry scheme, including interactive bio-
larger in the troposphere due to interferences by clouds andenic NMHCs. Only GEOSCCM, GISS-E2-R, MOCAGE

aerosols. and CICERO-Oslo-CTM2 include the reaction of b@ith
NO to yield HNG; (Butkovskaya et al., 2007). Due to uncer-
3.7 Chemistry tainties on this reaction (Sander et al., 2011), it is important
to identify which models include it as it significantly impacts
3.7.1 Tropospheric gas-phase and aerosols the response of the tropospheric composition to changes in

NOy emissions (Sgvde et al., 2011).

Apart from NCAR-CAMb.1 (which is aerosol-oriented with  NCAR-CAM5.1 and GISS-E2-R-TOMAS have the most
minimal chemistry; X. Liu et al., 2012), all models partic- extensive description of aerosols. Aerosols in NCAR-
ipating in ACCMIP simulate, at a minimum, gaseous tro- CAM5.1 are represented by three internally-mixed log-
pospheric chemistry (Fig. 4). However, chemistry is repre-normal modes (Aitken, accumulation, and coarse), with the
sented to various degrees of complexity: from 16 species irtotal number and mass of each component (sulfate, organic
CESM-CAM-Superfast to 120 in GEOSCCM. This range is carbon, black carbon, mineral dust and sea salt) predicted for
mostly due to the less or more detailed representation of noneach mode (X. Liu et al., 2012). The TOMAS model alone
methane hydrocarbon (NMHCs) chemistry (or lack thereofhas 108 size-resolved aerosol tracers plus three bulk aerosol-
in the case of CMAM) for each model, with each having phase tracers. TOMAS predicts aerosol number and mass
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Fig. 6. Seasonal cycle of temperature (K) at 4 pressure levels for all models and the ERA-Interim reanalysis.

size distributions by computing total aerosol number (i.e. OthThe aerosol indirect effects are represented in approxi-
moment) and mass (i.e. 1st moment) concentrations for eachately half of the models (CICERO, GFDL-AM3, GISS-
species (sulfate, sea salt, internally mixed elemental carborg2s, HadGEM2, MIROC-CHEM and NCAR-CAM5.1).
externally mixed elemental carbon, hydrophilic organic mat-

ter, hydrophobic organic matter, mineral dust, aerosol-water.7.2 ~ Stratospheric chemistry and ozone distribution

in 12-size bins ranging from 10 nm to 10 um in dry diame- . .
ter, following Lee and Adams (2011). The LMDzORINCA Many model; have a full representgtlon Qf stratospheric
model simulates the distribution of anthropogenic aerosolZ0n€ chemistry (Fig. 4), with the inclusion of ozone-
such as sulfates, black carbon, particulate organic matter, &4€Pleting substances (containing Br and Cl), and heteroge-
well as natural aerosols such as sea salt and dust. The aerodtOUs chemistry on polar stratospheric clouds. For the mod-
code keeps track of both the number and the mass of aerosoféS Without stratospheric chemistry, stratospheric ozone is
using a modal approach to treat the size distribution, whichSPecified in several ways. CESM-CAM-Superfast uses a lin-
is described by a superposition of log-normal modes (Schul£aTized 0zone chemistry parameterization (LINOZ, McLin-
et al., 1998; Schulz, 2007). All other models that include 9€n €t al., 2000). CICERO-Oslo-CTM2 uses monthly model

aerosols use the bulk approach (i.e. computing mass onhflimatological values of ozone and nitrogen species, ex-
with a specified distribution and no representation of coagu-CePt in the 3 lowermost layers in the stratosphere (approx-

lation). imately 2.5km) where the tropospheric chemistry scheme
Heterogeneous reactions on tropospheric aerosols are di applied to account for photochemicag @roduction in

scribed through a limited set of heterogeneous reactiond® lower stratosphere due to the presence of,NED and
(5 or fewer), except GISS-E2-R-TOMAS, which has none. NMHCs (Skeie etal., 2011b). Had-GEM2s, STOC-HadAM3
and UM-CAM input their time-varying stratospheric ozone
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details).

distribution from the CMIP5 database (Cionni et al., 2011). GEOSCCM, HadGEM2, GISS-E2s, MIROC-CHEM and

Finally, LMDzORINCA uses a constant (for all simulations) NCAR-CAM3.5. When aerosols are prognostically calcu-

climatological values of stratospheric ozone (Li and Shine,lated in the model (note that CESM-CAM-Superfast only

1995). Note that changes in stratospheric ozone do affecsimulates sulphate), they are all coupled to the radiation

photolysis in all other models but HadGEM2 and UM-CAM. scheme. GEOSCCM and EMAC do not have an explicit
aerosol description but they include in their computation of

3.8 Radiation coupling atmospheric heating profiles the radiative effect of aerosols
taken from time-varying climatologies.

The composition-radiation coupling will depend on the sim-

ulated species. Most of the CCMs use their simulated dis-

tribution of water vapour and ozone to compute their di-4 Evaluation of present-day climate

rect radiative impact, except for HadGEM2 in which the

online coupling is only applied in the troposphere, UM- We present in this section an analysis and evaluation of se-

CAM which is forced by offline data, and LMDzOR- lected climate diagnostics in the ACCMIP models. We focus

INCA which has no ozone coupling. The simulated methaneon quantities that are directly relevant to chemistry modeling,

distribution is used for radiation calculations in EMAC, namely precipitation, temperature, humidity and zonal wind.
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Fig. 8. Global annual mean precipitation change since 1850. TheFig. 9. Same as Fig. 8 but for 700 hPa temperature change since
multi-model mean is indicated by the solid black dot, the median by 1850.

the solid black line, the 25-75 % range by the extent of the colored

box and the minimum/maximum by the extend of the whisker. Note

the there is variation in the number of models between the various ) )
simulations (see Table 2). oceans and more over the extra-tropical oceans. This means

that many of the models are possibly providing reasonable

large-scale precipitation rates (regional biases are doubtless
In particular, temperature is analyzed at 700 hPa since that istill present), which would considerably reduce the possible
representative of the main location of the tropical methanebiases on wet removal rates.
loss (Spivakovsky et al., 2000). Also, we only discuss annual Similarly for temperature (Fig. 11), in the case of RCP2.6,
means since our main interest is on long-term changes. the simulated change in CESM-CAM-Superfast shows an

When compared against the Global Precipitation Clima-outlying negative bias, and the warming trend for NCAR-

tology Project (GPCP) climatology for 1995-2005 (Adler CAM3.5 is lower than any other model. There is much more
et al., 2003), the simulated annual mean precipitation tendinter-model agreement with the RCP8.5, with CESM-CAM-
to be higher than observed over the tropical regions (ex-Superfast being showing the lowest temperature increase.
cept for tropical South America) in all models (Figs. 5 and Such inter-model variations will have consequences (in par-
S1). While the multi-model model annual mean precipita- ticular through the link of OH and specific humidity) for the
tion (Fig. 5) provides many similarities to the CMIP3 multi- interpretation of 21st-century trends, especially methane life-
model mean in Randall et al. (2007; see their Fig. 8.5),time. Indeed, as discussed in Voulgarakis et al. (2012), there
there is also considerable improvement over Indonesia ands considerable spread in the estimated climate feedback on
the continental outflows of Asia and North America. Many the methane lifetime (83+0.13 yr K~1). In the lower tropo-
models still suffer from an overestimate of the precipita- sphere (700 hPa, approximately 3km, Table 4 and Fig. S2),
tion over the Indian Ocean and over high topography, thethe modeled temperatures tend to be biased cold compared
latter a consequence of the fairly coarse resolution used itio the European Centre for Medium-Range Weather Fore-
these models. Overall, models tend to exhibit a positive areaeast Reanalysis Interim products (ERA-Interim, Dee et al.,
weighted global mean bias (MB) against GPCP, ranging from2011; note that other reanalyses have very similar temper-
0.08 mm day! (NCAR-CAM3.5) to 0.51 mm day! (GISS-  ature distributions and therefore do not change the conclu-
E2-R) except for MOCAGE£0.05mm day!), which also  sions, not shown), with a MB ranging betweer.5K and
features a fairly largex 1mm day!) area-weighted root close to OK. At the global scale, the interannual variability
mean square difference (RMSD) (see Table 4 and Fig. S1)in the ERA-Interim temperature at that pressure is on the or-
This global positive bias in all models but MOCAGE will der of 0.3 K, meaning that many of the biases are significant
likely lead to an overestimate of the wet removal rate, espe{Fig. 6). CICERO-OsloCTM2 used fixed 2006 meteorology
cially for soluble chemical species in the tropical regions. and therefore exhibits little difference with the climatology
However, a recent analysis of satellite-based precipitatiorused for evaluation. The RMSD is larger than 1 K in all mod-
estimates (Stephens et al., 2012) indicates that the GPC#ls. This negative bias is even more pronounced in the upper-
precipitation rates over the oceans could be underestimatetioposphere and lower-stratosphere (200 hPa, Figs. 6 and S3),
by approximately 10% or 0.3 mm da¥ over the tropical  with biases as high as 6K in all regions. Only CMAM has
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Fig. 10a.Difference 2000-1850 in annual and zonal mean specific humidity§tgkg=21).

a slight positive bias (1-2 K) in the tropical regions (Fig. 6). Fig. 7), especially when compared to AIRS. Biases in spe-
The temperatures biases are however smaller closer to thefic humidity in the tropical mid-troposphere will directly
surface (see the 850 hPa level in Fig. 6). translate in biases in OH, since @+ H,0) is the primary
Specific humidity (using as references the ERA-Interim source of OH in that region. The impact on ozone is however
reanalysis and the Atmospheric InfraRed Sounder retrievalspf variable sign depending on the chemical conditions (Jacob
AIRS, Divarkta et al., 2006) biases somewhat reflect the tem-and Winner, 2009).
perature biases (as illustrated by C. Liu et al., 2012), gener- The position of the polar jet is important as it defines the
ally showing negative differences (Fig. S4), with a clear neg-extent of the polar vortex in which ozone depletion may oc-
ative bias in the tropical regions in the troposphere for manycur. Many models tend to overestimate the strength of the
models, associated with the aforementioned bias in the tropiSouthern Hemisphere polar jet by 10-20m ssompared
cal precipitation. Many models also tend to exhibit a positiveto ERA-Interim (Fig. S5). This is also true of the North-
bias in specific humidity in the mid-troposphere (400 hPa,ern Hemisphere polar jet, but to a lesser extent. EMAC and
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Fig. 10b.Difference 2100-2000 in annual and zonal mean specific humidity{gkg—1) for RCP2.6. The CESM-CAM-Superfast results
are spurious because of a mismatch in the SSTs used (see text for details).

GISS-E2s tend to show a negative bias in those regions. Th Climate change as simulated in ACCMIP

biases in the Southern Hemisphere polar zonal wind dis- . _ .

tribution are strongly anti-correlated with the temperatureln this section, we document the simulated annual-mean

biases in the same region (see Figs. S3 and S5); for exchanges in climate, over the simulated historical (1850—

ample, CESM-CEM-Superfast poleward of@and above ~2000) and future (2000-2100) periods, emphasizing RCP2.6

100 hPa. In the tropical lower stratosphere, there is a mixturénd RCP8.5 for the latter since they represent the extremes

of strong positive and negative biases, along with relativelyof projected 2100 climate change under the RCPs. Results

small biases. from CICERO-OsloCTM2 are ignored since they used the
The mid-latitude jets are important as they define the ex-Same meteorological fields for all time slices. The purpose of

tent of the tropical regions. Most models exhibit minor bi- this section is to inter-compare model simulations to identify

ases, although the CMAM and GISS-E2s models clearlyPotential outliers.

overestimate its strength.
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Fig. 10c.Same agb) but for RCP8.5.

Figure 8 shows the change in global annual mean prelarge range of simulated change across the models for this
cipitation of the present-day and future scenarios comparedcenario. Figure 9 (and Fig. S7) presents the change in global
to 1850. This figure is generated using all model simu-mean 700 hPa temperature (and similarly for the sea sur-
lations available, with the drawback of variations in the face temperature increase, not shown), which shows a much
number of models for different time slices; Fig. S6 shows clearer signal than precipitation, warming monotonically
the equivalent information using only the models (GFDL- with increasing forcing. Both signals are consistent with re-
AM3, GISS-E2Rs, MOCAGE, MIROC-CHEM and NCAR- sults from model simulations conducted with similar forc-
CAM3.5) which have provided data for all time slices. Re- ings, as described in Table 10.5 of Meehl et al. (2007).
sults are quite similar between the two sampling strate- Considering the zonal mean change in specific humidity
gies. The multi-model mean precipitation increases with in-(Fig. 10), there is considerable inter-model agreement in sim-
creased radiative forcing, with an increase of approximatelyulating an increase in humidity between 1850 and 2000 (al-
0.2mm day! for RCP8.5 by 2100. There is however a very though the vertical extent of the rise differs between models)
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Fig. 11a.Difference 2000-1850 in annual and zonal mean temperature (K).

and between 2000 and 2100 in RCP8.5. The only slight dif-by the fact that they used CCSM4 SSTs/SICs for their 2000
ference is the presence of a negative change in the northtime slice; these are warmer than CCSM3 and therefore the
ern mid-latitudes specific humidity 1850-2000 change forspecific humidity reflects an actual drop in temperature be-
the GFDL-AM3 simulation, and to a lesser extent MIROC- tween year 2000 and year 2100.

CHEM. However, in the case of RCP2.6, this is not the case,

with CESM-CAM-Superfast clearly an outlier with its simu-

lated decrease in specific humidity between 2000 and 21005 pjiscussion and conclusions

We also note that the RCP2.6 change for NCAR-CAM3.5 is

considerably smaller than in the remaining models. Both is-|p, this paper, we discuss and compare the 16 models that par-
sues are related to the use of the CCSM3 Commitment SimUﬂCipated in the Atmospheric Chemistry and Climate Model
lation to define the SSTs (see Lamarque et al., 2011 for morgnercomparison Project (ACCMIP). We present the set of
details), although it is exacerbated in CESM-CAM-Superfastiime slice experiments defined to document the changes
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Fig. 11b. Difference 2100-2000 in annual and zonal mean temperature (K) for RCP2.6 (note expanded scaje TremCESM-CAM-
Superfast results are spurious because of a mismatch in the SSTs used (see text for details).

in atmospheric composition and in climate spanning 1850The addition of hon-CMIP5 models provides an extended
to 2100. In addition, sensitivity experiments were definedrepresentation of the range of model results.

to understand the main drivers behind tropospheric ozone While the anthropogenic and biomass burning emissions
and methane lifetime changes. Since many ACCMIP mod-were specified for all experiments, the analysis of the model
els have companion CMIP5 simulations, the simulationssetups indicates that the range of natural emissions is a sig-
performed for ACCMIP are intended to provide a descrip- nificant source of model-to-model differences (Young et al.,
tion and understanding of the forcing driving the simu- 2012). In particular, there is a range of representation of bio-
lated climate change in the CMIP5 experiments and assesgenic emissions (e.g. isoprene, soil Nénd methane) from
the strengths and weaknesses of the current generation @kplicitly specified to fully interactive with climate. The lat-
chemistry—climate models and/or their boundary conditionster approach is clearly the path forward for the representation
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Fig. 11c.Same agb) but for RCP8.5.

of Earth System interactions and feedbacks (Arneth et al. MIROC-CHEM to a lesser extent), which shows a strong de-
2010a). crease in the northern mid-latitudes. Furthermore, the com-
The analysis of climate diagnostics (precipitation, temper-parison of the changes between 2000 and 2100 shows signif-
ature, specific humidity and zonal wind) indicates that mosticant differences (compared to the rest of the models) in spe-
models overestimate global annual precipitation, albeit thecific humidity of CESM-CAM-Superfast and temperature of
recent analysis by Stephens et al. (2012) tend to considerabiMCAR-CAM3.5, especially in the case of RCP2.6, related to
weaken this statement. Models exhibit have a cold bias irtheir use of CMIP3-based SSTs.
the lower troposphere (700 hPa, i.e. the region of maximum The 16 models described in this paper were used to per-
OH in the tropics), similar to the CMIP3 models (Randall form the simulations needed for the analysis of various top-
et al., 2007). The specific humidity change between 1850cs, namely (1) aerosols and total radiative forcing (Shindell
and 2000 is an overall increase, except for GFDL-AM3 (andet al., 2012), (2) tropospheric ozone changes (Young et al.,
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2012), (3) ozone radiative forcing and attribution (Stevensonefforts of GFDL's Global Atmospheric Model Development Team
etal., 2012), (4) comparison of ozone and associated forcingn the development of the GFDL-AM3 and Modeling Services
with TES (Bowman et al., 2012), (5) black carbon deposition Group for assistance with data processing. G. Z. acknowledges
(Lee et al., 2012), and (6) OH and methane lifetime in theNIWA HPCF facility an'd funding from New Zealand Ministry
historical (Naik et al., 2012a) and future (Voulgarakis et al., °f Science and Innovation. The GEOSCCM work was supported

2012) periods. Additional contributions and simulations are” ¢ NASA Modeling, Analysis and Prediction program, with
. . . ... computing resources provided by NASAs High-End Computing
also planned for future analysis, focusing on air quality is-

d additi lund di f simulated d Program through the NASA Advanced Supercomputing Division.
sues and additiona L_m erstanding ot simulate trer? S. The STOC-HadAM3 work was supported by cross UK research
The structures built for ACCMIP have been designed t0coyncil grant NE/I008063/1 and used facilities provided by the

follow the conventions used in the climate modeling commu-yK’s national high_performance Computing service, HECTOR,
nity as much as possible. This should greatly facilitate com-through Computational Modelling Services (CMS), part of the
parisons between the ACCMIP models and CMIP5 modelsNERC National Centre for Atmospheric Science (NCAS). The
as well as between ACCMIP models and the many datasetsMDz-OR-INCA simulations were done using computing re-
that are being used for evaluation of CMIP5 models. It issources provided by the CCRT/GENCI computer center of the
hoped that the range of tools developed for the ACCMIP ac-CEA. The MIROC-CHEM calculations were performed on the

tivity, including the CMOR tables, the archive structure, and N/ES supercomputer system (NEC SX-8R), and supported by the
Environment Research and Technology Development Fund (S-7) of

analyses codes, will be useful for subsequent of chemistry— L _
clim;/te model intercomparisons and modcclal evaluation effor)t/sfhe Ministry of the Environment, Japan. The CICERO-OsloCTM2
. . simulations were done within the projects SLAC (Short Lived At-
against observations. mospheric Components) and EarthClim funded by the Norwegian
Research Council. The MOCAGE simulations were supported by
Méteo-France and CNRS. Supercomputing time was provided
by Méteo-France/DSI supercomputing center. The CESM project
(which includes CESM-CAM-Superfast, NCAR-CAM3.5 and
NCAR-CAMb5.1) is supported by the National Science Foundation
and the Office of Science (BER) of the US Department of Energy.
The National Center for Atmospheric Research is operated by

the University Corporation for Atmospheric Research under

Supplementary material related to this article is
available online at: http://www.geosci-model-dev.net/6/
179/2013/gmd-6-179-2013-supplement.pdf

sponsorship of the National Science Foundation.
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