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Abstract. A chemistry-transport model (CTM) intercompar- and 2000s, respectively. Additionally, sulfur hexafluoride
ison experiment (TransCom-GMHhas been designed to in- (SFs) was simulated to check the interhemispheric trans-
vestigate the roles of surface emissions, transport and chemport, radon #22Rn) to check the subgrid scale transport,
cal loss in simulating the global methane distribution. Model and methyl chloroform (CECClg) to check the chemical re-
simulations were conducted using twelve models and fourmoval by the tropospheric hydroxyl radical (OH). The re-
model variants and results were archived for the period ofsults are compared to monthly or annual mean time series
1990-2007. All but one model transports were driven byof CH4, Sk and CHCCls measurements from 8 selected
reanalysis products from 3 different meteorological agen-background sites, and to satellite observations of, GH
cies. The transport and removal of ghh six different  the upper troposphere and stratosphere. Most models ade-
emission scenarios were simulated, with net global emis-quately capture the vertical gradients in the stratosphere, the
sions of 513t 9 and 514t 14 TgCH,yr—1 for the 1990s  average long-term trends, seasonal cycles, interannual varia-
tions (IAVs) and interhemispheric (IH) gradients at the sur-
Correspondence tc®. K. Patra fa;c<a|li|tes for t?gt CH3Ct(;:1I3 andf CH. TEP:[ r\]/ertlcal gttadlentsh

= (prabir@jamstec.go.jp) of all tracers between the surface and the upper troposphere
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are consistent within the models, revealing vertical transportion in the forward models. Bottom-up estimations of In-
differences between models. An average IH exchange timelividual flux components vary by even greater percentages
of 1.39+0.18yr is derived from Sftime series. Sensitiv-  (e.g. Matthews and Fung, 1987; Yan et al., 2009).
ity simulations suggest that the estimated trends in exchange The performance of atmospheric transport models has
time, over the period of 1996-2007, are caused by a changbeen investigated within the TransCom project since the
of Sk emissions towards the tropics. Using six sets of emis-early 1990s for the non-reactive tropospheric species, such
sion scenarios, we show that the decadal averageg@bivth as sulfur hexafluoride (Sfrand carbon dioxide (C&) (Law
rate likely reached equilibrium in the early 2000s due to theet al., 1996, 2008; Denning et al., 1999). Convective pa-
flattening of anthropogenic emission growth since the laterameterizations in CTMs have been tested through simula-
1990s. Up to 60 % of the IAVs in the observed £ebncen-  tion of Radon {22Rn), which has a radioactive decay half-
trations can be explained by accounting for the IAVs in emis-life of 3.8days (e.g. Jacob et al., 1997). The full chem-
sions, from biomass burning and wetlands, as well as meteistry model simulations of reactive species with a focus on
orology in the forward models. The modeled £budget  ozone (@) chemistry have also been tested using multiple
is shown to depend strongly on the troposphere-stratospher€TMs, where CH is treated as a tracer with a prescribed
exchange rate and thus on the model’s vertical grid structur&oncentration evolution (Stevenson et al., 2006, and refer-
and circulation in the lower stratosphere. The 15-model me-ences therein). Note that most, if not all, full chemistry mod-
dian CH, and CHCCl3; atmospheric lifetimes are estimated els do not treat Chlin an interactive manner, because of its
to be 9.99+0.08 and 4.61 0.13 yr, respectively, with little  long lifetime. The CH lifetime ranged from 6.3 to 12.5yr
IAV due to transport and temperature. due to large range of simulated OH concentrations in the par-
ticipating models (Stevenson et al., 2006). A more conser-
vative estimate of CHl lifetime is required for calculating
1 Introduction the global warming potential (GWP) for GHand its impact

on climate change, or developing effective emission mitiga-
The variability of atmospheric CHdepends on the spatio- tion policies. According to Shindell et al. (2009) the 100-yr
temporal variations of the surface fluxes, atmospheric transintegrated GWP of Chlis sensitive to changes in oxidant-
port, and destruction due to OH, Cl and@chemistry. In  aerosol precursor emissions and to OH-feedbacks of CH
recent years, measurements of C&hd related species are emissions itself. Proper understanding of the,Giidget
being conducted at an increasingly large number of sites ais crucial for these assessments.
hourly or daily time intervals and with high instrumental pre- The aim of the TransCom-CHexperiment is to quan-
cision (Rasmussen and Khalil, 1984; Aoki et al., 1992; Dlu- tify the role of transport, emission distribution and chem-
gokencky et al., 1998; Cunnold et al., 2002; WDCGG, 2010,ical loss in simulating the interhemispheric (IH) gradient,
for a complete list of observational programs). SatelliteCH seasonal cycle, synoptic variation and diurnal cycle of,CH
observations from SCanning Imaging Absorption SpectroM-Only the first two, IH gradient and seasonal cycles, are dis-
eter for Atmospheric CartograpHY (SCIAMACHY), Atmo- cussed in this paper. The dependence of the Biitiget on
spheric Infrared Sounder (AIRS), and Greenhouse Gases Olmodel vertical transport in the stratosphere is also analysed.
serving SATellite (GOSAT) are also becoming available, al- We setup a long simulation period (1988-2007, including
beit at a lower precision (Frankenberg et al., 2008; Xiongtwo years of spin-up) for the following reasons: (1) in the
et al., 2008; Yoshida et al., 2011). Significant developmentsl990s and 2000s methane growth rates have fluctuated be-
in understanding the distributions, trends and interannuatween 15 ppb yr! to —5 ppb yr! (Dlugokencky et al., 1998;
variations of CH emissions and sinks have been achievedSimpson et al., 2006; Rigby et al., 2008), and (2) we would
in the past two decades through forward modeling (e.g. Fundike to obtain a better understanding of the role of emissions
etal., 1991; Gupta et al., 1996; Houweling et al., 2000; Den-(using a set of six Chlemissions scenarios), chemical loss,
tener et al., 2003; Wang et al., 2004; Patra et al., 2009b)and transport model characteristics, such as the stratosphere-
Inverse model results show the ability of the models to repro-troposphere exchange (STE) and the IH exchange time on
duce the observed atmospheric £irends and variabilities CHz concentration variations in the troposphere. The pro-
within the uncertainty of the processes involved (Hein et al.,posed 18-yr simulation period allows a proper quantification
1997; Houweling et al., 1999; Mikaloff-Fletcher et al., 2004; of the removal fluxes in the troposphere and stratosphere and
Chen and Prinn, 2006; Bousquet et al., 2006; Bergamaschif the influence of transport processes on these removal rates.
et al., 2009). However, further improvements (reduction in Since the previous TransCom intercomparison experiments
the posterior emission uncertainty) of inverse modeling re-spanned only a few years, the 18 yr ofgStmulation al-
sults depend on a better quantification of (the errors in) thdows us to track the interannual variability (IAV) in the IH
prior emissions and sinks, and on error reductions in forwardexchange time for the first time. We also discuss the de-
model transport. Presently, inverse estimates of globa] CH pendence of Ciiand CHCCl; lifetimes on the model grid
emissions range between 500 to 600 Tglyrdepending on  structure and transport, as well as the transport and tempera-
the transport properties and the chemical loss parameterizaure as drivers of IAVs in lifetimes.
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Fig. 1. Schematic diagram of TransCom-gkhodel simulation experiment.

In Sect. 2, we describe the experimental protocol, followedumentation of the requested simulation is available in the
by the key information on the participating models and anal-TransCom-CH protocol (Patra et al.,, 2010). Chemistry-
ysis methodology. We focus this analysis (Sect. 3) on thetransport model simulations were requested for the period of
comparison of model results with atmospheric observationsl January 1990 to 31 December 2007, after a spin-up of 2-yr
of Sk, CH3CCl3 and CH; at 8 surface sites and the salient (1988-1989) using analyzed or atmospheric general circula-
differences in model properties. An attempt is also madetion model (AGCM) meteorology or a combination of both
to understand possible implications of (1) inert tracerg]SF (referred here as AGCM-nudged). A schematic diagram of
transport or short-lived radioactive tracf4Rn) transport ~ TransCom-CH model intercomparison set-up is shown in
on the lifetimes and distributions of chemically active speciesFig. 1.

(CH3CClz, CHjy), and (2) the effect of the OH abundance,

as constrained by C4€Cls, on CH;. Simulations of SE; 2.1 Photochemical and surface loss processes

222Rn, CH;CCls and six CH emission scenarios are com-
monly referred to as model tracers. Scope for further ana
ysis using the TransCom-GHlatabase and conclusions are
given in Sects. 4 and 5, respectively.

|_The following chemical removal reactions for GKR1-R3)
and CHCCl; (R4—R6) are prescribed in the forward simula-

ons.
ko
CH4+OH—— CH3+H»0O

_ 12000
2 Models, measurements and methods [kOH =2.45x 10 exp(—1775 T)] (R1)

Previous TransCom experiments focused on chemically non- 1~ kotp 10
reactive species (SFCOy, 222Rn). A CHy intercomparison ~ CHa+O D —— Products [kolo:1-5>< 10 ] (R2)
requires the introduction of atmospheric chemistry. Addi-
tionally, the sources and atmospheric lifetime of Late ki

- . . . . H I Hs+HCI
distinctly different from CQ, which may provide a dif- CHa+C __)C123+ C
ferent view on transport model differences. Detailed doc- [ku =7.3x 10 "exp(—128(¢ T)] (R3)

www.atmos-chem-phys.net/11/12813/2011/ Atmos. Chem. Phys., 11, 1P837-2011
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CHsCCls++ OH=°" Products

[kor =1.64x 10 2exp(-1529/ 7| (R4)
J
CHsCCl—2%%, products (R5)

depositiory,cely

CH3CCl3+OH Oceanic CHCCl3 (R6)

The temperature-dependent reaction rafes units: cn?
molecule! s71) are taken from the JPL synthesis of chem-

P. K. Patra et al.: TransCom model simulations of @kt related species

The monthly deposition velocities (depositiccls;
units: ms1) of CH3CCls to ocean surfaces are provided by
Krol et al. (1998; see also Kanakidou et al., 1999). This sink
should be applied in the model as:

1
CH3CCl3=(CH3CCl3)gx exp(—depositiora;,_,scu3 x— th)
Z
@)
where, dz=atmospheric lowest layer depth (m),

dt=timestep (s), and subscript O indicates initial con-
centration.

ical kinetics (Sander et al., 2006). The monthly-mean OH Radon decays in the atmosphere with a half-life of
fields are provided here for online calculation in the model 3-8 days, and this decay is calculated in the model at each
by combining the semi-empirically calculated tropospheric fimestep, following

(Spivakovsky et al., 2000) and 2-dimensional (2-D) model222
simulated stratospheric distributions. For £idactions with

Cl and JD radicals in the stratosphere, parameterized loss
rates koip x O'D + k) x Cl] are provided, which are based where?22Rn is the radon mixing ratio at all gridpoints. This
on the Cambridge 2-D model (Velders, 1995). setup follows the recommendation of World Climate Re-

The tropospheric OH field is reduced by 8 %, an amountsearch Programme (Jacob et al., 1997).
that was required to optimize the agreement between the Due to the long timescales of Gland CHCCl; oxidation
TM5 simulated and observed GECI; decline since 2000 and vertical transport in the stratosphere (age-of-&yr),
(Huijnen et al., 2010). The model simulations performed several years of spin-up are required to establish realistic
here allow us to verify whether observations of §3€Cl; ~ CHs4 and CHCClz vertical profiles throughout the model
can also be reproduced for a longer simulation period, i.eatmosphere. A set of 3-D initial conditions, prepared fol-
1990—2007, by TM5 and a variety of other models. The sup/owing a 10-yr spin-up simulation by ACTM, were made
plied OH field has about equal OH abundance in the North-available for 1 January 1988 for GHSFs and CHCCls.
ern Hemisphere (NH) and the Southern Hemisphere (SHfSHa, SFs and CHCCls concentrations at South Pole (SPO)
(Spivakovsky et al., 2000). Since the NH/SH OH-ratio in are 1655ppb, 1.95ppt and 130ppt, respectively, for Jan-
full chemistry model simulations varies between 1.1 and 1.5uary 1988. Radon will be spun-up quickly due to its half-life
(Krol et al., unpublished data, 2008, based on the model inOf several days. Hence, its initial concentration is set to zero.
tercomparison described in Shindell et al., 2006) we encour-
aged modelers to submit another set of simulations using-2 Fluxes
their preferred OH field, e.g. obtained by a full chemistry
version of their model.

For CHsCCl3 (MCF), the photolysis rateg due to solar
UV radiation are provided from an Atmospheric general cir-
culation model-based CTM (ACTM,; Patra et al., 2009b) and . . s Fo .
interpolated on each model's grid. Because the resqution?H“ wgre considered in the six different scenarios listed in
in the stratosphere varies widely between models, it is nec- able 1:
essary to scale the stratospheric loss of MCF to a common 1 |nterannually varying anthropogenic emissions (IAV
value. This value is calculated by mass-weighted averaging: ANT), based on annual mearf & 1° maps from the
Emission Database for Global Atmospheric Research
(EDGAR; version 3.2/FT) (Olivier and Berdowski,
2001). The combination of different emission cate-
gories and the inter-/extra-polation of EDGAR emission
maps for the years 1990, 1995, 2000 are described else-

Rn:<222Rn>0 x exp(—dt x 2.11x 107 ®)

The typical seasonal variations of the six £éhission sce-
narios are shown in Fig. 2a. Annual total emissions time
series are depicted in Fig. 2b for GHand in Fig. 2c for Sk
and CHCCls. The following source and sink components of

L]

Jersee (s, k) x M, j, k)
&

Jav,CHsCCl; = 1)

> M. j.k)

i,j.k

Here,M (i, j, k) denotes the air mass in gridbax f, k) from
ACTM. Modelers were required to scale their interpolated
Jmce field to match the/aymcr field of the mass-weighted
annual and global meay, mcr value of 7.95% 10851,
Similarly, the annual and global mean rate constant fos CH
oxidation due to stratospheric Cl and'> combined is

rescaled to 2.062 101951,

Atmos. Chem. Phys., 11, 1281132837 2011

2.

where (Patra et al., 2009b).

Anthropogenic emissions (IAV ANT E4), based on a
more advanced EDGAR database (version 4t@p(
/ledgar.jrc.ec.europa.gwhere  x 1° emission maps
are available for each year until 2005. The 2005 emis-
sions were also used for the 2006—2008 period.

www.atmos-chem-phys.net/11/12813/2011/
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Table 1. List of tracers simulated in the TransCom-gidtercomparison project. See Sect. 2.2 for a description of theflilkd components;
e.g. cyclostationary natural (CYC NAT), interannually varying anthropogenic (IAV ANT), biomass burning (BB), wetland (WL).

Parameters Description

Time resolution

CHg tracers using different emission secnarios

1. CH; CTL CYC NAT (CYC BB & CYC WL)

+ IAV ANT EDGAR 3.2
2.CHyCTL.E4  CYC NAT+ IAV ANT EDGAR4.0
3. CHy-BB CYC NAT -0.35 CYC BB+ IAV BB

+ IAV ANT EDGAR 3.2
4. CH4 WL_BB CYC NAT -0.35 CYC BB+ IAV BB

- CYC WL+ 0.76 IAV WL

+ IAV ANT EDGAR 3.2
5. CHz_INV IPSL/LSCE inversion
6. CH;_EXTRA* CYC NAT -0.35CYC BB+ |IAV BB

— CYC WL — Rice+ IAV WLe
(0.69 Wetlandt 0.895 Rice)

+ IAV ANT EDGAR 3.2

Monthly; Partial 1AV

Monthly; Partial IAV
Monthly; Partial 1AV

Monthly; Full IAV

Monthly; Full 1AV
Monthly; Full 1AV

Other species/tracers

7. Sk EDGARA4.0; Global totals modified

8. Radon-222 1.0 and 0.1 atonis~— L over land and ocean,
(?22Rn) respectively

9. CHzCCl3 EDGARS3.2 with trends and distributions
(MCF) modified

Annual; Full 1AV
Annual; No 1AV

Annual; Full IAV

* this scenario is called EXTRA because the VISIT terrestrial ecosystem model (Ito and Inatomi, 2011) fluxes are still under evaluation, but included here since no other bottom-up
wetland emission scenario was available with IAV for the full simulation period at the time the intercomparison protocol was released. VISIT is driven by climate variables from the
Climate Research Unit time series version 3.0 (CRU TS3.0) dataset (Mitchell and Jones, 2005; updated values) and NCEP/NCAR reanalysis (Kalnay et al., 1996) for the periods of

1988-2005 and 2006—2007, respectively, @t} cycling in the inundated areas is modeled using the scheme of Cao et al. (1998, and references therein).

3. Cyclostationary natural emissions (CYC NAT), such as
those from all types of natural wetlands, domestic and
large-scale biomass burning, and termites, based on the
GISS inventory (Matthews and Fung, 1987; Fung et al., 5,
1991), and emissions due to rice paddies taken from Yan
et al. (2009). All these emissions are scaled as in Patra
et al. (2009b). Though predominantly anthropogenic,
emissions from rice cultivation are included in this cate-
gory because its seasonal cycle is controlled by seasonal
rainfall and temperature. The emissions due to oceanic
exchange 10 TgCHyyr—1) are distributed over the
coastal region (Lambert and Schmidt, 1993; Houwel-
ing et al., 1999) and mud volcano emissions are based g
upon Etiope and Milkov (2004).

4. Wetland emissions with interannual variation (I1AV WL)
have been derived from the wetland emission mod-
ule of the ORganizing Carbon and Hydrology in Dy-
namic EcosystEms (ORCHIDEE) terrestrial ecosystem
model (Ringeval et al., 2010). This model uses satellite-
derived area of inundation for the period of 1994-2000
(Prigent et al., 2007). The emission is scaled by a mul-
tiplication factor of 0.76 to match the wetland emission
component in CYC NAT. An average seasonal cycle is

www.atmos-chem-phys.net/11/12813/2011/

used for the rest of the simulation periods (1988-1993
and 2001-2008).

Second set of wetland and rice emissions (IAV WLe)
is obtained from the Vegetation Integrative Simulator
for Trace gases (VISIT) terrestrial ecosystem model (Ito
and Inatomi, 2011), which calculates inundated area
based on analyzed rainfall, temperature (Mitchell and
Jones, 2005). The rice and wetland emissions are scaled
by 0.895 and 0.69, respectively, to match with CYC
NAT.

Biomass burning emissions (IAV BB) are taken from
the Global Fire Emission Database (GFED version 2),
representing mainly forest and savannah burning (van
der Werf et al., 2006). Since this dataset is available
only after 1997, an average seasonal cycle is used for
the 1988-1996 period. Unlike the wetland emissions,
global total IAV BB emissions are lower than those in-
corporated in CYC NAT. Thus biomass burning emis-
sions in CYC NAT is only partially replaced by 1AV
BB (see Table 1). This methodology is likely to double
count some of the open burning and to underestimate
the emissions from closed burning.

Atmos. Chem. Phys., 11, 1P837-2011
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-1
CH, [Tg-CH, month ]

——————— T which is 542 Tgyr?! on average). Only the IAV INV sce-

60 L ] nario total emissions are slightly lower (8641 Tg gH
Three other species (§F22?Radon and CHCCl) are
- 1 simulated using the following fluxes:
50 |- T 1. Annual mean S§emission distributions at°Ix 1° are

taken from EDGAR 4.0 (2009) for the period 1988—
\ 2005, and the global totals are scaled to Levin et
— al. (2010). The 2005 distribution is used from 2006 on-
o @ N wards. Sk emissions increased from 4.77 Tgyrin

S P S 1990 to 6.79 Tgyrt in 2007.
1997 1998 1999

S

2. Radon emissions are constructed based on the sur-
1 580 face type in each model grid-cell; 0 poleward

of 70°, 8.23x 10 2molm2s! for 60-70, and
— 1.66x 1020 and 8.30x 100%3molm—2s™1 for land
560 ‘s and ocean grids, respectively, within°@®-60 N (Ja-
- cob et al., 1997). Radon emission fields were not
540 € rescaled to match a global total source, but are ex-
E pected to produce a global radon source of approxi-
- mately 2.2x 10-®mols1.
= 4520 &
L (b) i 3. The annual mean G3€Clz emission distribution is
AL I EPRPRPR RN B taken from EDGAR3.2 and linearly corrected for the
8 o S e e e e e e global totals following McCulloch and Midgley (2001)
] for the period 1988-1998. Emissions for 1999 to 2002
71600 — are taken as 27.5, 26.0, 17.7, and 16.1 Gdyrespec-
5 tively. After 2002, the regional emission trends fol-
1 200 g" low an exponential decay with a timescale of 5yr (Krol
o et al., 2003; updated).
S,
7200 6 2.3 Participating models and output
R T S Twelve chemistry-transport models and four of their vari-

1990 1995 2000 2005 ants (2 at higher horizontal resolution and 2 using different
OH, Cl and OfD) fields) have submitted simulation results

Fig. 2. Examples of Clj emission seasonalities corresponding to for the period 1990-2007 (Table 2). Half of these mod-
the years 1997 and 1998 are showr{dj(the black line is hidden ~ els (ACTM, CCAM, IMPACT, LMDZ, PCTM, TM5) also

behind the red line), and annual mean Léissions for the pe-  participated in the previous TransCom continuous experi-
riod of 1988-2008 are depicted (h). The annual mean $Fand ment, where they were tested for interhemispheric transport
CH3CClj fluxes are shown ifc). using Sk, and synoptic and diurnal scale variability using

7.

The

. The soil sink represents a climatological average year,

continuous C@ measurements at surface sites (Law et al.,
) ) . ) 2008; Patra et al., 2008). Six other models (ACCESS, CAM,
Inversion-derived emissions (IAV INV) are obtained by GEOS-Chem, MOZART, NIES08i, TOMCAT) participated
optimizing surface fluxes to reproduce the measuredq; the first time in a TransCom experiment. The model hor-
CHy concentrations using the LMDZ model for the pe- j;qnta| resolution varied from°1x 1° longitudex latitude
riod of 1988-2005 (Bousquet et al., 2006). An averagey, g 4°. |n the vertical, 19 to 67 levels were employed.
seasonal cycle is repeated for 2006-2008. Salient features of each model configurations (resolutions,
meteorological fields) are given in Table 2 for guidance pur-
derived from the LMDZ at- Pose only, and do not automatically link yvith .model perfor-
2006). The Mmance as evaluated for various features in this study.
Concerning the wind field and other meteorology, all
models, except ACCESS, used meteorological fields from
integrated Chiemissions for the different combinations weather forecast models either by interpolation (offline mod-

accounting for seasonality,
mospheric CH inversion (Bousquet et al.,
global total removal amounts to 27.21 Tg @42

of emission fields (scenario 1 to 6 in Table 1) agree withinels) or by nudging towards horizontal windg,(V) and tem-
3TgCH; over 1990-2005 (8675 TgCHfor CH4 CTL, perature (online models). Most models generated output as

Atmos. Chem. Phys., 11, 1281132837 2011 www.atmos-chem-phys.net/11/12813/2011/



P. K. Patra et al.: TransCom model simulations of4GiHd related species 12819

Table 2. Overview of participating transport models and model variants, and average lifetimes of atmosphgeaicd3E+HCCls are given.

SI. No. Model nam@ InstitutiorP Resolution Meteorolody Avg. lifetime (1992-07)
Horizontaf  Vertical CH4.CTL  CHzCCl
1 ACCESS CSIRO 3.75x2.5° 38 AGCM; SST 9.93:0.13 4.55t0.15
2 ACTM RIGC ~2.8x2.8 670 NCEP2; U, V, T; SST 10.860.10 4.60£0.13
2a ACTM_OH$ RIGC ~28x28 670 NCEP2; U, V, T; SST 9.5%0.10 4.84+:0.13
3 CAM CuU 25x~1.9 28& NCEP/NCAR 10.2:0.11 3.7A0.13
4 CCAM CSIRO ~220km 1& NCEP; U, V; SST 9.94-0.27 4.01£0.15
5 GEOS-Chem UoE 252.0° 30/47% NASA/GSFC/GEOS4/5 9.660.11 4.70+0.13
5a GEOS-ChenDOH UoE 25x 2.0 30/47% NASA/GSFC/GEOS4/5 9.950.11 4.84+0.13
6 IMPACT LLNL 50x4.0° 55 NASA/GSFC/GEOS4 10£0.05 4.63:t0.3
6a IMPACT_1 x 1.25 LLNL 1.25x1.0° 55y NASA/GSFC/GEOS4 9.990.07 4.54+0.16
7 LMDz LSCE 3.75x 2.5 19 ECMWEF; U, V, T; SST 10.6:0.09 3.90+0.25
8 MOZART MIT ~18x1.8 28 NCEP/NCAR 9.88:0.15 3.90+0.15
9 NIESO8i NIES 2.5¢2.5 325-0 JCDAS, ERA-interim-PBL  10.8:0.06 4.75+-0.02
10 PCTM GSFC 1.25%1.0° 58y NASA/GSFC/GEOS5 10£0.1 4.54t0.21
11 TM5 SRON 6.0<4.0° 25y ECMWF, ERA-interim 10.1:0.12 4.840.03
1la TM5_1x 1 SRON 1.0x1.0° 25y ECMWEF, ERA-interim 10.10.11 4.88:0.14
12 TOMCAT UoL ~28x28 60y ECMWF, ERA-40/interim 9.980.12 4.710.18

2 CTMs driven by AGCM transport are identified in bold (nudging parameters in right-most column), and model variants are shown in italics. The model variants are indicated by
post-fixed parameters, following &

b cSIRO: Commonwealth Scientific and Industrial Research Organisation, Australia; GSFC: NASA Goddard Space Flight Center, USA; RIGC: Research Institute for Global
Change, Japan; CU: Cornel University, USA; LLNL: Lawrence Livermore National Laboratory, USA; LSCE: Laboratoire des Sciences du Climat et de 'Environnement, France;
NIES: National Institute for Environmental Studies, Japan; SRON: Netherlands Institute for Space Research; UoE: University of Edinburgh, UK; UoL: University of Leeds, UK.

¢ Longitudex latitude or distance or spectral resolution indicated by T (triangular) maximum wave number (T42 and ¥&38or2.8° and~ 1.8 x 1.8°, respectively).

d Terrain-following (height) coordinate system for ACCESSyertical coordinates are pressure divided by surface presswertical coordinates are a hybrid sigma-pressure
coordinate (GEOS-Chem has 30 or 47 layers for 1990-2006 or 2007, respectively), NIES08i has a hybrid sigma-isentropic.

€ The source of meteorology (NCEP2 (AMIP DOE Il): Kanamitsu et al., 2002; NCEP: Kalnay et al., 1996; NASA/GSFC/GEOS4/5: Bloom et al., 2005; ECMWF: Uppala et al.,
2005; JCDAS: Onogi et al., 2007) and parameters used in nudged AGCMs are given.

f The averaging period for IMPACT x1.25 (2002—2007) and TM&x 1 (2003—2007) differ.

$ The tropospheric OH field is taken from CHASER full chemistry model (Sudo et al., 2002) and scale6.B8, and stratospheric OH is taken from AGCM (Takigawa et al.,
1999) as discussed in Patra et al. (2009a}, &fissions are used from EDGARA4.0 without scaling the global totals to match with Levin et al. (2010).

1-hourly averages, except LMDZ and MOZART, which pro- 2.4 Observational data sources and processing
vided output as 3-hourly averages.

Details of individual transport models can be found in
the following references; ACCESS (Corbin and Law, 2011),
ACTM and ACTM_OH (Patra et al., 2009a, b), CAM (Gent
et al., 2009), CCAM (Law et al., 2006), GEOS-Chem
and GEOS-ChenDOH (Pickett-Heaps et al., 2011; Fraser
etal., 2011), IMPACT and IMPACTL x 1.25 (Rotman et al.,
2004), LMDZ (version 4; Hourdin et al., 2006), MOZART
(version 4; Emmons et al., 2010), NIESO08i (Belikov et al.,
2011), PCTM (Kawa et al., 2004), TM5 and TMbx 1

Selected sites from the Advanced Global Atmospheric Gases
Experiment (AGAGE;http://agage.eas.gatech.¢dand the
NOAA Earth System Research Laboratory, Global Monitor-
ing Division (http://www.esrl.noaa.gov/gmdhetworks are
used in this study. These sites all have simultaneous measure-
ments of CH, Sk, and CHCCl; covering the 1990s and
2000s (Table 4). Unfortunately, radon measurements are not
available for most of these sites. Monthly or annual mean ob-

: . servations have been calculated from continuous (hourly av-
(Krol et al., 2005), TOMCAT. (Ch|pperf|¢ld, 2006). . erages) or flask sampling (events) measurements data avail-
. The TransCom-Cli experiment archived model simula- able from the World Data Center for Greenhouse Gases web-

tions for 18 yrs and 9 tracers. We have sampled model outpu ite (WDCGG, 2010). NOAA flasks are usually sampled un-
at 280 surface sites and 115 vertical profile sites (at all modeﬁer clean air (E)r baseline) conditions; this is usually onshore

levels within the troposphere) at hourly time intervals. 3-D flow at coastal sites. The AGAGE continuous records have
output at 17 standard pressure levels for monthly-means fo[) - ;

: i een flagged to remove local and regional pollution events.
1990-2007, and noon-time daily values for 2001-2007 are 99 g P

also archived. The model outputs are extracted for the correspond-

ing sites and sampling time from the hourly surface data
files. All the models sampled concentrations for BRW and
CGO stations at the nearest full ocean grid, i.e. BRWOCN
and CGOOCN, respectively, to better represent baseline

www.atmos-chem-phys.net/11/12813/2011/ Atmos. Chem. Phys., 11, 1P837-2011


http://agage.eas.gatech.edu
http://www.esrl.noaa.gov/gmd

12820 P. K. Patra et al.: TransCom model simulations of @kt related species

conditions. However, note that some models, e.g. TM5, in-cs andcy, are the average concentrations of SH and NH sites,
terpolate model output to the site locations, and submit idenand Acn_s is IH concentration gradient. Derivation of this
tical values at the land and ocean grids for the coastal sitesequation assumes thaic,_s is in steady state (Jacob et al.,
The results of HBA (75.8S, 26.3 W, 10 m) site are used as 1987). We used two sites in the NH (BRW, MLO) and SH

a replacement for the SPO site for PCTM. These selection§CGO, SPO) to estimate the hemispheric average concentra-
are made as per the modeler’s advice. tions ¢, and cs, respectively, at yearly time intervalslt.

For CH;s, the NOAA-2004 calibration scale (Dlugokencky Because S§measurements at ALT are not available after
et al., 2005) agrees within 5ppb with the AGAGE/Tohoku 2005, BRW is chosen for this analysis. The valugs- cs
University calibration scale (Aoki et al., 1992). The calibra- are shown as IH gradients of each species. We have tested
tion scales for CHCCIg are as per the Scripps Institution of that the calculatedex does not depend strongly on tlﬁ
Oceanography (SIO) 2005 (Prinn et al., 2005) for AGAGE ratio.
and NOAA-2003 [ittp://www.esrl.noaa.gov/gmd/ccl/scales/  We also estimated CHand CHCCls lifetimes (r) using
CH3CCl3scale.htm) for NOAA sites. Those for Sf~are  the mass balance equation
based on SIO 2005 (Rigby et al., 2010) and NOAA-2006 ;5 B
(http://iwww.esrl.noaa.gov/gmd/ccl/sf&ale.htm. The = E—L=E— - (5)
AGAGE and NOAA scales for Sfare in excellent agree- )
ment (NOAA—AGAGE=0.02+ 0.01 ppt, compared to re- B, E andp are the annual total _atmospherlc burc_ien, net
peatability of the analytical system of 0.04ppt) (Rigby surface_ emission and photochemical loss, re§pect|vely. As
et al., 2010). The systematic NOAA-AGAGE difference of @PProximate estimates &, average concentrations of GH
~ 4ppt in 1992 reduces linearly to around 0 ppt in 2001 for and CHCCls for 8'S|tes are multiplied by the concentration-
the CH,CCls concentrations as determined from co-located{0-mass conversion factors of 2.845 Tgab* and

measurements at CGO, SMO and MHD by both the networks?3-689 Gg CHCCl3 ppt*, respectively. Ideally, vertical
(P. Krummel and T. Arnold, personal communication 2010)_distribution properties of each species should be accounted

As a check for the stratospheric GHistribution simu-  for With appropriate air mass factors for calculatiBigHow-
lated by the models, a climatology of GHertical profiles ~ €Ver, We note that the average Ilfetlmes over thg period of
measured by the ACE-FTS (Atmospheric Chemistry Experi-2000_2007 ca_ICL_IIated using ACTM S|m_ulated g_rld_ded loss
ment — Fourier Transform Spectrometer) instrument onboard@t€s agree within 0.01yr for GECl; with the lifetimes
the SCISAT-1 satellite in the upper troposphere and stratoalculated using Eq. (5) suggesting that the simplification is
sphere altitudes has been used (De Meziet al., 2008). acceptable.

Please note that the data coverage of the ACE-FTS instru-

ment in the tropicgl region _is sparse. The HALOE/UARS 3 Results and discussions

(Halogen Occultation Experiment onboard the Upper Atmo-

sphere Research Satellite) (Park et al., 1996) had a densgr1 Zonal mean concentrations

coverage and measurements of stratospherig @i this

are also used for validating simulated vertical gradients inFigure 3 compares the latitude-pressure variations of the
the tropical stratosphere (100-10 mb). zonal mean CH.CTL scenario in the troposphere and

For this analysis, the models were sampled within 1 tolower stratosphere to representative ACE-FTS measurements
3h of the sampling times of the measurements. Time se{please refer to Figs. S1-S17 for individual model compari-
ries were constructed of monthly or annual mean sampleson plots 0f2?Rn, Sk and CH; along the 70E and 180 E
for verification of model simulated seasonal cycles and inter{ongitudes, and zonal mean GECI; distributions corre-
annual variability, respectively. The Pearson’s moment cor-sponding to the years 1994 and 2005). Generally, all mod-
relation (Press et al., 1986) analysis is performed to evaluatels exhibit similar large-scale features, equator-pole latitu-
the agreements between the simulated and observed time sdinal gradients, and vertical gradients in the lower strato-
ries for seasonal cycles and interannual variations at the 8phere. Most significantly different, however, is the tran-
selected sites. sition between the troposphere and stratosphere and the

heights at which the vertical gradients maximize in the mod-
2.5 Calculation of IH gradients, IH exchange time, and ¢l (the green-to-blue shaded regions). The ACCESS/GEOS-
atmospheric lifetimes Chem/NIES-08i and CAM/MOZART/CCAM models show
. ) ) the maximum and minimum decrease rates ot ®@¥th in-
The IH exchange timerg,) is estimated from the Sfannual . eaqing height, respectively, in the height range of 100—

mean concentration time series and the ratio of emission ir!SOmb. CAM, CCAM and MOZART models have only few
the NH (En) and SH ) using (Patra et al., 2009a, and ref- yertica| jayers above 100mb and use the same reanalysis
erences therein): wind fields from NCEP, and the NIES model employs isen-

En Endcs dcn tropic coordinate system in the stratosphere. The formula-
Tex = ACn_S 1 (4)

fs tion of models is known to affect the simulation of tracer
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Fig. 3. Annual and zonal mean latitude-pressure (in mb) cross-sections pfa€ittopospheric and lower stratospheric altitudes as observed

by the ACE-FTS instrumeng( climatology) and as simulated by the models in 2006qg). The black line in(@) shows the climatological
tropopause height. The contour lines @afidd) show CH loss rate (units: molecule ¢ri s—1) as in the ACTM and ACTMOH, respec-

tively. An offset is added to the concentrations in each panel (given after the model name in ppb) that adjusts the model fields to a common
average value of 1770 ppb between 950 mb and 500 mb. Detailed model-to-model compariéfRrfpB;, CH, and CHCClg for two

seasons and over two longitudes are available in the Supplement (Figs. S1-S17).
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Table 3. Multi-model averagesH# 1o; and between model variability defined by /average, within parenthesis in %) of simulatedsSF
(ppt), CHy_CTL (ppb), CHCCl3 (ppt) and?22Rn (x 10~21) gradients in the troposphere and UT/LS region for three broad latitude bands,
namely, the SH midlatitude, tropics and NH midlatitude.

Species SH (60-308) Tropics (18 S-15 N) NH (30-60 N)
Tropospheric gradients
Difference between: 850-400 mb 850-200 mb 850-400 mb
SFs —0.026+0.005 (18%)  0.044-0.017 (39%)  0.128:0.018 (14 %)
CHy —9.91+ 2.57 (26 %) 17.18 7.69 (45 %) 44.6%5.91 (13 %)
CH3CClg 0.473+0.145 (31%)  0.2950.182 (62 %) 1.030.25 (25 %)
222Rn 0.984+ 0.527 (54 %) 8.66-2.73 (32 %) 23.96 6.73 (28 %)
UT/LS gradients

Difference between: 200-100 mb 100-50 mb 200-100mb
Sks 0.158+0.074 (47%)  0.264-0.148 (56 %)  0.22% 0140 (61 %)
CHy 84.45+35.89 (43%) 124.0465.07 (52%) 128.7% 64.96 (50 %)
CHgCCl3 7.86+ 1.37 (17 %) 16.53 4.48 (27 %) 9.79 3.75 (38 %)
222Rn 1.084+0.708 (65%)  0.415-0.203 (49%) 0.3530.445 (126 %)

Table 4. Average (across all models) correlation coefficientl{etween model simulated and observed seasonal cycles and interannual
variation of CH,;, Sk and CH;CCls.

Tracer/Sité ALT BRW MHD MLO RPB SMO CGO SPO

For seasonal cycles (2002—2003)

CHy_CTL A16+.3 —.09+.2 .73+.1 .63+.1 .86+.1 J4+ .2 98+.02 .96+.1
CHy-CTL.E4 2143 -10+£.3 .72+.1 .69t.1 .88+.1 g1+ .2 97+.02 96+ .1
CH4_BB .10+ .3 —-.11+.2 .68+.1 .66+ .1 .86+ .1 72+ .2 .95+ .1 .96+ .1
CHs WLBB .38+.3  .48+.2 A2+.2  70+.1 .86+.1 .64+ .3 94+.1  95+.1
CHj-INV .88+.1  .63+.2 92+.1 74+ 1 .88+.1 .61+ .2 95+.02 .92+ .1
CHy4 EXTRA .84+ .1 37+.2 79+.1 .50+.2 .80+.1 .69+ .3 93+ .1 95+ .1
Sk A48+.2  .23+.2 .68+.1 -06+.1 .13+.2 .70+.4  .43+.2 .50+.2
CH3CCl3 .78+.1  .93+.02 87+t.1 91+.1 .96+.02 .89+.1 .88+.1  .81t1
For interannual variations (GCHCH3CCls: 1991-2007; S§ 1996-2007)
CH4.CTL 52+ .2 14+ .2 .66+.1  .32+.2 .34+ .2 .38+.2 46+.2 43+ .2
CH4CTL.E4 .27+.2 .01+ .2 A46+.2  -.02+.2 .05+.3 244 2 .03+.2 —.06+.2
CH,_BB .69+ .2 40+ .2 761 47+ .2 75+.1 54+2 .60+.2  57+.2
CHs-WLBB  .55+.2 A7+ .2 bl+.2  .38+.2 .68+ .2 53+.2 48+.1 .46+ .2
CHg_INV 64+.1  .32+.2 68+.1 .27+ .2 A2+ .2 .38+ .2 .63+.2  .56+.2
CHs EXTRA  .61+.2 .36+.2 J7£.1 51+ .2 g7+ .2 73t.1 .68+.1  .69+.1
Sks .33+ .2 67+.1 752 70+£.2 - 34+ .1 83t.1 81t.1
CH3CCl3 97+.03 .97£.03 .95+.04 .96+.03 .95+.04 .96+.04 .95+.03 .94+.03

* ALT (Alert, Canada; 62W, 82° N, 210 m), BRW (Point Barrow, Alaska, USA; 15W, 71° N, 11 m), MLO (Mauna Loa Observatory, Hawaii, USA; 58/, 20° N, 3397 m) and

SPO (South Pole Observatory, Antarctica® ¥% 90° S, 2810 m) are managed under the NOAA cooperative network by the Global Monitoring Division, Earth System Research
Laboratory (GMD/ESRL) (Dlugokencky et al., 1998; Butler et al., 2004), and MHD (Mace Head, Irelahdly,188° N, 25 m), RPB (Ragged Point, Barbados?® %9, 13° N,

45m), SMO (Samoa, USA; 17W, 14° S, 42m) and CGO (Cape Grim, Australia; 245 41° S, 94 m) sites are operated under the AGAGE network by the Massachusetts Institute

of Technology (MIT, USA), Scripps Institutions of Oceanography, University of California, San Diego (SIO/UCSD, USA), Commonwealth Scientific and Industrial Research
Organization (CSIRO, Australia), University of Bristol, UK and Georgia Institute of Technology, USA (Cunnold et al., 2002; Prinn et al., 2000)

gradients in the upper troposphere/lower stratosphere regiotation than the p-coordinate version used here (e.g. Hos-
A version of the TOMCAT/SLIMCAT model, which uses saini et al., 2010, and references therein). The “tropical
isentropic coordinates in the stratosphere, produces stronggipe” (Plumb, 1996) along the upward transport branch of
tracer gradients and a more realistic Brewer Dobson circuthe Brewer-Dobson circulation appears more “leaky” in the
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Fig. 4. Time series of differences between observed and simulated annual mgan CH4_CTL scenario (top row), S&~(middle row)
and CHCCl3 (bottom row) at two selected sites: MLO (left column) and CGO (right column). Time series of annual mean values and
tropospheric model values, averaged over 1000—-200 mb and all latitudes/longitudes, are shown in Figs. S18 and S19, respectively.

models than in the limb-viewing remote sensing observa-ences are much less distinct at the mid and high latitudes
tions by HALOE and ACE-FTS. As a result, the simu- than in the tropics for & CHs and CHCCls. However,
lated concentration isopleths appear flatter compared to thewo main categories of models can be identified based on the
observations with increasing latitudes in both hemispheresdensity of CH, isopleths in the height range between 350
The CH; meridional gradients between tropics (Eq=N) and 200 mb. The position and concentration gradient across
and northern extratropics (2081-30° N) are calculated to be the tropopause differs considerably among models. These
140+ 72 ppb for the models and 225 ppb for HALOE in the model features are also present in the Sinulations sug-
height range of 70-30 mb. gesting the predominant role of transport in the simulation of

In the troposphere, vertical transport of the NH emissionthe CH, vertical distributions. The penetrative mass flux due
varies between the models, most prominently in the tropicalto deep cumulus convection in tropical latitudes is strongest
region, where deep cumulus convection is prevalent. Table 31 ACTM and GEOS-Chem (lo??Rn concentration differ-
shows mean vertical gradients and between model variabilence of~5.63x 10-2! between 850 and 200 mb), and rela-
ities in three broad latitude ranges. Model to model differ- tively weaker in NIES08i, PCTM and TOMCAT (high#’Rn
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concentration difference 12 x 10-21). This is clearer from  after the late 1990s, because the concentration gradients
the simulated?2Rn distributions over the South Asian mon- across the tropopause reduced to less than 10 ppt (ref. Ta-
soon region at 70E during boreal summer (Figs. S2 and S4). ble 3). Although these lifetimes in the stratosphere and
It has been shown in Patra et al. (2009a), based on ACTMroposphere are within the range of independent estimates,
simulations with and without cumulus parameterization, that38fﬁ and 6_“8:2yr, respectively (Prinn et al., 2005), both
deep cumulus convective transport is the main cause for rapithe mean values are lower for ACTM. Despite the fact that
vertical transport of tracers to the upper troposphere (seethe models were initialized using the same concentration
as highe?22Rn concentrations compared to the lower tropo-at 1 January 1988, significant differences in the simulated
sphere). Feng et al. (2011) showed that the online convectioeoncentrations are found already for 1990, after two years
scheme used in the TOMCAT runs for this study underesti-of simulation. The established model-measurement differ-
mated the ECMWF archived convective mass fluxes espeences in 1990 persist until the end of the simulations (LMDZ
cially in terms of the altitude extent of deep convection in CH3CCl3 being the only outlier) even though the @ECl3
the tropics. The higher horizontal resolution versions of bothconcentrations become very small towards 2007. Given the
IMPACT and TMS5 resulted in highet??Rn concentrations CH3CCls lifetime of less than 5yr, these differences are
in the middle-upper troposphere (i.e. smaller difference be-caused by differences in transport and removal rather than
tween 850 mb and 400/200 mb) compared to their respectivéhe initialization.
lower resolution simulations. This is suggesting that some CH, is the most complicated species considered in the
convective processes are being resolved in higher resolutioMransCom-Cl experiment, because the gHurface emis-
models that are not present in the lower resolution models. sions and effect of STE are less certain than forzC8ls.
Generally, the models that simulate lower §&Cl3 concen-
3.2 Model-observation comparison of CH, Sk and trations compared to the multi-model mean, also yield lower
CH3CCl3 annual means: 1990-2007 CHjy concentrations (such as MOZART, CCAM). For ex-
ample, the high and low-resolution TM5 simulations show
Figure 4 shows the time series of annual mean concentrathe highest concentrations of both glnd CHCCls at
tion differences between simulated and observed,G3%s  MLO. However, it is interesting to note that GEOS-Chem
and CHCCl; at two selected sites (MLO and CGO). First (with TransCom OH) calculates the lowest £Ebncentra-
SFe is considered, which has no chemical loss (middle row).tions among all models, while the simulated §3€l; levels
Typical model behaviour is similar at all 8 sites (not shown). are not distinctly different. LMDZ is among the models that
For most models, the simulated concentrations divert frommost strongly underestimate the observed level 0§CEls,
the measurements by 0.2 ppt in 1995, after which differencesyvhereas the opposite is true for GHFig. 4). These contrast-
remain at that level. The offsets between models can be exing behaviors among models for various £&hd CHCCls

plained by initial values assumed by each models. Only AC-simulations clearly suggest that Glbss due to the reaction
CESS shows increasing differences in time until 2006. Thewith OH in the troposphere is not the only control on the

ACTM _OH case, which uses EDGAR4.0 emissions without CH, budget differences between models and that other fac-
scaling between 1988-2005, and 2005 emission for 2006 angbrs such as transport differences also play a role (details in
2007 and produces a slower increase in the model concentraects. 3.3 and 3.4).
tion compared to observations after 2000. This suggests that
the global total emissions estimated by Levin et al. (2010)3.2.1 Seasonal cycles
and later confirmed by Rigby et al. (2010) are adequate also
for independent state-of-the-art transport models. Figure 5 shows model to measurement comparisons of the
The CHCCI3 simulations are of an intermediate level seasonal cycles of Cf1SFk and CHCCls at three selected
of uncertainty, as this species is emitted to the atmosphersites (MLO, SMO and CGO) for the period 2002-2003.
by a relatively well quantified industrial use as a solvent. These sites have been selected because they are at large
However, uncertainties remain for its loss by reaction with distances from the continental emissions for each of these
OH in the troposphere, photolysis in the stratosphere andgpecies. To highlight differences in seasonality, approximate
the rate of STE. Until 1990, C4#CCl; emissions were in- linear trends and offsets corresponding to the period 2002—
creasing, followed by near-exponential decrease due to strin2003 have been subtracted from the monthly-mean values.
gent restriction of its production/use by the Montreal Pro- All models capture the salient features in the seasonal cycles
tocol (WMO/SAOD, 2003). The lifetimes of G3€CCl3 due at very high statistical significance (ref. Table 4 for correla-
to photochemical removal is much longer in the stratospherdion coefficients at 8 sites), except for §&t MLO, where
(~28.6yr) than in the troposphere $.8 yr) (estimates from the measurements show unusual fluctuations and a large data
ACTM simulated loss rates at model grids; similar esti- gap during 2002. Even for the years with dense data cover-
mates of lifetimes using TM3x1 are 37.6 and 5.8yr, re- age (2005-2006), low average correlation coefficiert®{
spectively). Thus the troposphere to stratosphere transpofi.3 for the Sk seasonal cycles at MLO are obtained due to
plays a minor role in the global total budget of gELI3 a very small seasonal cycle of less than 0.04 ppt. In contrast,
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Fig. 5. Comparisons of observed and simulated seasonal cycles §irCEH,_CTL scenario (top row), S&(middle row) and CHCCl3
(bottom row) at 3 selected sites, MLO (left panel), SMO (middle panel) and CGO (right panel).

the clear seasonalities (amplitud®.04 ppt) at ALT, MHD,  duce higher correlation coefficients at all the NH sites (ALT,
SMO, CGO and SPO are well reproduced by the modelsBRW, MHD, MLO and RPB), which was expected because
(r > 0.4; significant atP = 0.05 in two tailed Student’s- the atmospheric-CiHinversion used data from these sites
test for 24 data points). The fact that the models are able tdor flux optimization. CH_EXTRA results are next best in
reproduce the observed seasonal cycles indicates that eveomparison with measured seasonal cycles for the NH high
though the signals are weak, they nevertheless provide usdatitude sites. For any given tracer, the correlation coeffi-
ful information for model validation. All models reproduce cients are highest at remote SH sites, CGO and SPO, com-
the CHCCl3 seasonal cycle fairly well at all 8 sites, both in pared to all other sites. The use of ACTOH and GEOS-
phase and amplitude & 0.8). ChemDOH or the higher horizontal resolution versions of
For CHi, the influence of the surface flux on the simu- IMPACT.1x1.25 and TM51x 1 do not always improve
fpe agreement between model and observations compared

lated seasonal cycles can be studied using the 6 differe ' .
CHj scenarios. The corresponding correlation coefficients [0 the default implementation. These results suggest a need

listed in Table 4, suggest that the Gideasonal cycle de- for improving our understanding of the GHlux seasonal-

pends strongly on the implemented wetland and biomasdl in the Northern Hemisphere land regions, noting that the
burning fluxes. The CiLINV simulations consistently pro- OH loss is realistically represented as seen in the simulated
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Measured IMPACT TMS_1x1
ACCESS CAM LMDZ PCTM TOMCAT
ACTM CCAM IMPACT _1x1.25 MOZART ™5

Scenario : CTL Scenario : EXTRA

N. Hemis.

CH4 growth rate [ppb/yr]

1992 1994 1996 1998 2000 2002 2004 2006 1992 1994 1996 1998 2000 2002 2004 2006

Fig. 6. Comparisons of observed and simulated annual mean growth ratessgh@HH (top row; ALT, BRW and MHD average), tropics
(middle row; MLO RPB and SMO average) and SH (bottom row; CGO and SPO average) for two selected fluxes, CTL (left column) and
EXTRA (right column). Growth rate variabilities corresponding 4 otheryGEenarios are given in Figs. S20 and S21.

CH3CCls seasonal cycles. Because ACCESS (blue line) was3.2.2 Interannual variability (IAV)
not run with analyzed winds and temperature, the simulated
seasonal cycles are not as good as other models fera@tl  We calculated growth rates for all tracers as the difference
SFe highlighting the role of meteorology in simulating tracer between annual mean concentrations for two adjacent years.
concentrations. The role of meteorology is less pronouncedrhe growth rate at January 2000 is shown as the difference
for CH3CClz because the emissions are weak in the 2000spetween 1999 and 2000 mean concentrations. The simu-
A more detailed analysis of seasonality at a larger number ofated and observed $rowth rates (not shown) decreased
sites will be conducted in a future study. from ~0.25 pptyrin 1997 to~0.2 pptyr-tin 2000. After-
wards, the growth rate steadily increased-0.25 pptyr?!
in 2006 (please refer to Table 4 for correlation coefficients;
r ~ 0.7 for 5 sites). The length of time series considered for
the correlation calculation of the 1AVs is 1990-2007 for £H
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(except for CH_WL _BB, which has 7 yr of IAV, 1994-2000) site representation error is large for the coastal sites in coarse
and CHCClg, and 1996—-2007 for $Hthe period when ob-  resolution global models (Patra et al., 2008).
servations are available). The correlation coefficients greater The decreasing growth rate in the 1990s, near zero growth
than 0.44 and 0.53 are statistically significantPa&= 0.05 rates in early 2000s and the reappearance of positivg CH
for 18 and 12 data points, respectively. AverageszCBI3 growth in the late 2000s have drawn considerable interests
growth rates (not shown) hovered around O to-8,2 to  for developing emission inventories. For example, Lamar-
—17 and~ —2.5pptyr! during 1991, 1997 and 2007, re- que et al. (2010) suggested a decrease of Eissions by
spectively, with gradual changes in between. These temporabout 40 Tg CH from 1990 to 2000 for simulating the zero
variations are well simulated by all models= 0.9). Be-  CH, growth rate in the early 2000s using the CAM-Chem
cause both SfFand CHCCl; emissions are of purely anthro- model. Their estimate is largely inconsistent with our re-
pogenic origin, their production, consumption and release tasults, which is suggesting that a steady state is achieved be-
the atmosphere vary relatively smoothly in comparison to thetween CH, chemical destruction and emissions during the
natural components of GHmissions. early 2000s (Dlugokencky et al., 2003). The EDGARA4.0

Figure 6 shows the model-observation comparison of theanthropogenic Ckl emission increase of4 TgCH, yr—!
IAV in CH4 growth rates for three broad latitude regions: the during 2001-2007, synchronized with the Chinese economic
NH, tropics and SH corresponding to the CTL and EXTRA growth, produces inconsistencies between observed and sim-
emissions (refer to Figs. S20 and S21 for others). Averagedilated growth rates during 2003-2007 (thus the lowest cor-
observed Cld growth rates for the 1990s are 5.25, 5.06 andrelation coefficients for the growth rate IAVs in Table 4; see
7.01ppbyr?! in the NH, tropics and SH, respectively. Al- also Fig. S20). This indicates that forward simulations using
most no increase in concentration is observed for the 2000multiple forward transport models are useful for the verifica-
(except for 2007). Additionally, it can be seen that the 1AVS tion of emission inventories.
in the growth rate are higher at the NH sites compared to
the tropical and SH sites. Figure 6 shows that although the3.3 Interhemispheric gradients and exchange times
CH4_CTL simulations capture the observed reduction in the
decadal average growth rates, the |AV is not well reproducedFigure 7 shows the concentration gradients between two NH
Most prominent is the 1997/1998 El\ event (Langenfelds  sites and two SH sites obtained using annual mean observed
et al., 2002). During this event the observations show an in-and modeled time series. All models except for the TM5s,
crease, while the simulations show a decrease in the growthimulate the observed §HH gradient within the mea-
rate. Interestingly, the CHCTL emission and OH concen- surement accuracy &f 0.057 ppt (/2 x measurement preci-
tration (both without IAV) cannot explain this model behav- sion). These gradients translate to an average IH exchange
ior, which is therefore attributed to the increased,GHOH time (zex) Oof 1.39+ 0.18 yr (for all models and years), which
reaction rate as modified by GHransport and temperature is an indication of close model-model agreement (Fig. 8).
in the model. This, in turn, is caused by the ERNiinduced  This model-model spread is much smaller compared to the
higher air temperatures (Reaction R1), resulting in faster resmodel pool of the 1990s (Denning et al., 1999), which gave
moval of CH, from the troposphere and thus a decrease in therex range of 0.8—-2.0yr. In this intercomparison, thgrange
growth rate. Indeed, the 1998 GKCTL lifetime (9.82yr)is  between models is 0.620.06 yr compared to 1.2yr in the
estimated to be the shortest among all simulation years.  TransCom experiment during the 1990s. The average

As seen from Table 4, inclusion of biomass burning emis-of 1.39yr is in excellent agreement with the estimates of
sion IAV (CH4-BB) improves the 1AV model-observation 1.3yr (Geller etal., 1997) and 1.5yr (Levin and Hesshaimer,
agreement at all sites compared to LETL. However, 1996), derived using measurede3fne series. The underes-
when wetland emissions are included (CWL_BB), the timation by ACTM.OH version is due to smaller $femis-
correlations tend to deteriorate. Compared ta @B, only sions (note: this version used EDGAR4.0 without scaling),
CH4_EXTRA produces better model-observation agreementhighlighting the role of the emission strength in the forward
for growth rates (Fig. 6, right panels). The wetland £H model simulations.
emission simulated by the VISIT ecosystem model included A tendency towards faster IH exchange rate as calculated
in CH4_EXTRA displays a large positive anomaly on top from Eq. (4) is seen for both the observations and the simula-
of the emissions from biomass burning during 1997/1998.tions (a decrease in exchange time by about 0.2 and 0.15yr,
Combined, these emissions compensate for the extra CHrespectively) between 1996-1999 and 2004-2007. A de-
loss due to higher air temperatures. As a consequence, theseease intex could have large implications for estimating
emissions result in an excellent agreement with the growthluxes of long-lived species by inverse modelling, especially
rates observed at the SH and NH sites (except that the simder the trends in hemispheric emissions and sinks ratio. To
lated tropical signal is a bit too strong in 1998). The IAV of investigate the influence of possible shifts in the global SF
the multi-model average CHgrowth rate at BRW did not emission distribution (1. Levin, personal communication, Oc-
correlate significantly with the observed AV because thistober 2011) sensitivity tests were performed in ACTM us-
site is located close to the Alaskan wetland region, and theng three emission scenarios: (1) same as in TransCom-CH
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CH3CCl3 concentrations between the NH (BRW, MLO) and SH 2
(CGO, SPO) sites. The values at CGO (AGAGE) are adjusted to — 1ar ]
NOAA scales by adding an offset of 0.02 ppt forgSRnd multi- §
plied by 1.0003 and 1.0333 for GHand MCF, respectively (see E
text in Sect. 2.4 for further details). Please note that adjustment = 13f 1
of the AGAGE data to NOAA scale is made just for convenience. %’

These 4 sites are chosen here because their data coverage is mcg
complete during 1990-2007. Haley Bay (7553 26.5 W, 10 m) ad 1.2f g
site is chosen for PCTM due to no SPO data in all files. Inset shows

expanded y-axis view of MCF for the 2000—2007 period. 1996 1998 2000 2002 2004 2006 2008

Fig. 9. Sks emissions in three broad latitude bandstop panel),

] ~andtex (b, bottom panel) estimated using ACTM simulatedsSF
protocol (EDGARA4.0/Levin), (2) the EDGARA4.0 emis- ime series for three different emission scenarios. An offset is ap-

sion distribution corresponding to 2000, but global totals plied to eactrex time series for a common value of 1.39 yr in 1996.
scaled to Levin et al. (2010) (EDGAR2000/Levin), and

(3) constant emissions from EDGARA4.0 for the year 2000

(EDGAR_Y2000). Figure 9a shows the trends ingS#mis-  (within 14 %) in EDGARA4.0/Levin scenario, while the emis-
sions within three broad latitude bands. The emissions insions from the NH tropical latitudes (triangles) increased by
the NH mid-high latitudes (circles) remained fairly constant more than 100 % during 1996 to 2007. The estimaigd
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using three emission scenarios are shown in Fig. 9b. These 140 —4V—«—+——F————F+————
results clearly suggest that the decrease.yis caused by [ 2003-2007
the trends in the Semission distribution rather than inter- -

hemispheric transport. The decreaserdpbecomes an or- = 1301 MOZART ]
der of magnitude smaller as well as statistically insignificant &
(r =—0.34, N =12) when Sk emissions were kept constant % 120 |+ .
(EDGAR_Y2000). The decrease iy remained significant g
for scenario EDGARY2000/Levin (red square/line). This is 5 110 1

probably because the §FH gradients do not reach steady
state, since the emissions decreased during 1995-1998 anc
increase thereafter till 2008 (Fig. 2c), even though%hea-
tio was fixed at 36.9, corresponding to the year 2000. Our
results indicate that the time evolution of thegSHnissions
should be introduced at a higher spatial resolution (than the
presently used 2-box model), when calculatigg i
All three long-lived species show a similar relationship for 8 ——t————t——t———
the IH gradient: the model that produces a larger (smaller)
SKs IH gradient generally also produces a larger (smaller) IH
gradients for CHCCI3 and CH, in comparison with the ob-
servations (Fig. 10). The intriguing exception is MOZART,

CH, CTL IH
=
Q
o
T

i ACTM_OH
[ NIEg08 — y=7.85+332.7*x (r=0.85)

which exhibits an excellent match for §FH gradient, but g 04 | e _
produces one of the largest GHH gradients (127 ppb com- = L GEOS-Chem DOH

pared to an observed value of 101 ppb) and one of the small- & '“’”’ﬁ,,,}x&@s JOEAT

est CHCCl3 gradients (0.13 ppt) during 2003—2007. Similar g L _

contrasting behaviour is also seen for several other models at = 02 |'"®* Can e -
lesser distinction, e.g. GEOS-Chdd©H, NIES-08i lie be- L:)m L MQ‘ART

low the fitted line for CH, but lie above the fitted line for Q,

CH3CCl3. The CH, IH gradients are best reproduced using LI) 3

the CH,_INV emissions: deviations are within 5ppb for 7 0 .

models (Fig. 10). Taking into account the IH gradient of all - ACTY_OH — y=-0.63+3.02*x (r=0.72) 1
three species, TM5/CCAM, ACTM/IMPACTx1/PCTM - “%Dg 1
and LMDZ/NIES-08 showed systematically higher, similar
and lower IH gradients, respectively, compared to the obser-
vations.

Two models submitted simulations using different OH,
which can be used to further investigate the sensitivity ofFig. 10. Correlation between IH gradients of §ith that of CHy
the simulated Cldand CHCCls IH gradients to the IH dif- and CHCCl3 are depicted, using average values for the period
ference in OH. The NH/SH ratio of hemispheric total tro- fzrg?:’tﬁgﬁze‘;‘?itI%rg‘lb:gzzsaesﬂ']ne glgm;sioAr?sTg'_e' insote;(glggf?he
pospheric OH are (1) 1.32 for ACTMH and (2) 1.11 for
GEOS-ChenDOH, while that (Spivakovsky et al., 2000) protocol.
used in ACTM is 0.99. The observed GHH gradient

is 100.97 ppb, while the simulated gradients from ACTM yjated SE IH gradient agrees very well with the observed
and ACTM.OH are 99.99 and 87.45ppb, respectively. In ygjye. Given the small number of alternative OH distribu-
order to simulate the observed giH gradient precisely, tionsin models, and the remaining uncertainties in 5

the NH/SH OH ratio for ACTM would need to be 0.97 a3 CH,CCl; emissions, our best judgement at the moment

[=0.994(1.32—0.99 x (999%%_180704?57))] Thisis close tothe s that we cannot falsify the NH/SH gradient (0.99) derived
NH/SH OH ratio derived (by Spivakovsky et al. (2000). Note by Spivakovsky et al. (2000).

also that the ACTM simulations of both GBCl; and Sk

agree very well with the observations. Similarly, to simu- 3.4 Photochemical removal of CH and the role of

late the observed CHH gradient, the NH/SH OH ratio for transport

GEOS-Chem model should be 1.250.99+(1.11—0.99) x

o7es1o988]. Both GEOS-Chem model versions simu- The calculated photochemical loss of £Maries between
late greater IH gradients also for GEClz, a species that 490 and 509 Tg Cilyr—1 during the first eight years (1992—
has been used for benchmarking tropospheric OH concent999), and between 497 and 513 TgGH ! during the

trations and distributions. However, the GEOS-Chem sim-last eight years (2000-2007) of the simulation. Figure 1la

L 1 L L L 1 L L L 1 L L L 1 L
0.24 0.28 0.32 0.36
SF, IH gradient [ppt]
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o r Py x ] Note that the mean CHifetimes for EXTRA (9.96+ 0.08 yr) and
O 5 ] CTL (9.994 0.08 yr) fluxes agree within their interannual variabil-
: A%m\{ > ] ity. A comparison of CHCCls lifetimes calculated using Eq. (5)
4 - and gridded photochemical destruction rates is shown in Fig. S22
I MOZART (ACTM only).
3L IAPA A PgIM ACGESS 1
r IMRBACT 1
oL F‘Aqm s ] the troposphere is an order of magnitude shorter than that in
MOGART gc mM e 1 the stratosphere. Although these relationships are again quite
1L OB TONEAT loose during the 1990s, as the models attain their steady state,
- GEO@Ehem ] statistically significant correlations & —0.69) are found for
ok | | | IACGESS_' the period of 20002007 between the £gtowth rates and
200 200 600 800 vertical gradients in the lower stratosphere. While the growth

rates decrease from the 1992-1999 period to the 2000—-2007
period in all models, the modeled gradients remain remark-

) ) ) ) ably constant. Based on this analysis we suggest that the
Fig. 11. Relationships of global loss rates for different models ;) atad concentration growth rates at the surface sites are

(CH4-EXTRA) with their simulated growth rates at surface sites linked to the tronosphere to stratosphere transport rate of
(a), and the modeled vertical gradients in the lower stratosphere posp P P

CH,, (100 mb) -CH, (10 mb) [ppb]; 5°S5'N

(100-10 mb layerp) with growth rate. ACTMOH and GEOS- 4 S )
ChemDOH are excluded from this analysis as those models used Figure 12 shows the temporal variability in the estimated
different OH fields. lifetimes (Eq. 5) for CH_CTL and CHCCls (ref. Table 2 for

time-averaged model specific lifetimes). The mediarnyCH

lifetime due to atmospheric loss processes (Reactions R1—
suggests that the eight-years averaged growth rates at tHe3) is 9.99+ 0.08 (1o for interannual variability) years and
surface sites for the different models are, as expected, infanges from 9.58-0.10 to 10.2°4-0.14yr for the differ-
versely proportional to the calculated photochemical destrucent models. Here it should be remembered that all, but
tion. However, this relationship appears loose, particularlyACTM_OH and GEOS-ChemOH, models used the same
for 2000-2007, when the models approach steady state (co@H distribution. The median CHlifetime for 16 models
relation coefficienty = —0.42 for all models, but increase to or model variants agrees well with the lifetime (18:0.17)
—0.82 and—0.61 for 1990s and 2000s, respectively, by ex- estimated from the measured mean concentrations at 8-sites
cluding NIES-08i). Possible explanations are investigated in(Eq. 5). This is because a close balance is achieved be-
Fig. 11b, using the vertical gradients in the equatorial lowertween the modeled atmospheric loss and net surface emis-
stratosphere (CiHat 100 mb — CH at 10 mb; zonal average sions (513t 9 and 514+ 14 Tg CH; yr~! for the 1990s and
for 5° S-5 N latitudes). Models showing greater gradients 2000s, respectively). The median 6ELl; lifetime due
have slower Brewer-Dobson circulation, and thus strongetto all loss processes (Reactions R4-R6) is estimated to
trapping of CH in the troposphere, resulting in faster ¢H be 4.61+-0.13, 4.59+0.18 and 4.62 0.02yr during the
destruction and smaller growth rate because Gidtime in 1992-2007, 1992-1999 and 2000-2007, respectively. TM5
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simulates a lifetime of 4.8 0.03yr, which is close to the as part of the TransCom-GHntercomparison experiment.

estimates using the measured {CiCl3 concentrations of
4.9+ 0.3yr (Prinn et al., 2005), 5.0 yr (WMO/SAOD, 2003) in:
or 4.94+ 0.15 yr (this study based on 8 sites). All other mod-
els calculated a shorter lifetime, by an average value of 0.3 yr.
CAM, CCAM, LMDZ and MOZART calculate lifetimes of
4yr or shorter. The interannual variation in the estimated

CH3CCls lifetimes during the 1990s is an order of magnitude 2

higher than that in the 2000s. We find up to 5% variability
in the modeled CHCCl3 lifetimes during 1992-1999, a pe-
riod with substantial emissions. During 2000-2007, when

the emissions of CECCl; dropped significantly, less than 3.

0.4 % variability is simulated. This implies that inversions

to estimate OH from CEICClz observations are less uncer-

tain since 2000, a finding in good agreement with Montzka
etal. (2011).

4 Further work and data accessibility

For this analysis we used results of chemical tracer simu-
lations at only 8 selected sites with measurements of atmo-

spheric CH, Sk and CHCCls, which is a very small sub- i

set of the 280 surface sites for which output is available.
In addition, vertical profiles of chemical tracers and several
meteorological parameters have been archived at 115 sites.
More analyses on the basis of the TransComyGitnula-
tions are planned focusing on (1) ¢Mertical profiles mea-
sured using aircraft, (2) analysis of vertical column averaged
CHgy concentrations using TCCON observations, (3) using
increase, decrease and exponential decay ofCtHg for
optimizing tropospheric OH abundance. We also welcome
use of this data set by the measurement community. In an ef-

fort towards ease of access, time series at a subset of surfacdi-

sites are archived at JAMSTEG@t{p://ebcrpa.jamstec.go.jp/
dav/prabir/transcom-ch4/sitemta). Information on how to
access the full dataset is available in the experimental pro-
tocol, archived on this websitdttp://transcom.project.asu.
edu/T4methane.php

In addition to the site-specific data, gridded output at
monthly intervals at the model horizontal resolution at stan-
dard pressure levels are archived for the period 1990-2007.
Afternoon averages (12:00-15:00 LT — Local Time) at daily
intervals are also archived for the period 2001-2007. We
believe these sets of model output, their extension to recent
years, will be useful for comparing the model simulations
with satellite observations (SCIAMACHY, AIRS, GOSAT)
and aircraft observations (e.g. HIPPO — HIAPER Pole-to-
Pole Observations of carbon cycle and greenhouse gases
study, Wofsy et al., 2011).

5 Summary and conclusions

We analyzed concentration time series of ZIEH3CClg, iii.

SFs and222Rn simulated by 16 chemistry-transport models

www.atmos-chem-phys.net/11/12813/2011/

We focused the analysis on the model-to-model differences

1. The vertical redistribution of tracers, based &4Rn

simulations and comparisons to ¢Kdatellite observa-
tions in the upper troposphere and lower stratosphere.

. Large-scale interhemispheric (IH) transport, by compar-

ing modeled and observed IH gradients o 3EH; and
CH3CCls.

Simulated seasonal cycles, by comparing to observed
seasonal cycles at remote background stations.

. Inter-annual variations in the simulated glrowth

rate, by focusing on the results of six different £H
emission time-lines.

. The role of removal by OH on the simulated g¢&nd

CH3CCl3 concentrations.

The main conclusions can be summarized as follows:

Although the simulated zonal me&4?Rn concentra-
tions agree between models, significant differences are
observed in regions of deep cumulus convection, e.g.
the south Asian summer monsoon domain. Unfortu-
nately, observational evidence to check the model be-
havior is lacking. Models also differ in the simulated
height of large troposphere-stratosphere concentration
gradients of CH. Compared to Chisatellite observa-
tions in the upper troposphere, most models appear to
be too diffusive around the tropical tropopause.

The IH exchange time, calculated from the simulated
Skg distributions, ranges from 1.79 to 1.17 yr (average
over 1996-2007) for the different models. The model-
average value of 1.39yr is in close agreement with ear-
lier studies and observational evidence. Models that
show faster IH exchange for §Falso exhibit faster ex-
change (smaller IH gradients) for GHnd CHCCls.

This multi-tracer evidence provides clear directions for
the improvement of specific models. The IH exchange
time calculated from the simulated and observed SF
time series suggest an acceleration of the IH exchange
in the 2000s compared to the 1990s. However, a sen-
sitivity study using 3 different Sfemission scenarios
show that the acceleration is caused by an increased
share of SEemissions in the tropical land regions, com-
pared to the midlatitudes, of the NH as as well as non-
steady state IH gradients in §Eoncentrations. The
estimated IH exchange time remained constant over the
period of our analysis (1996—2007) for a time invariant
Sk emission scenario.

All models reproduce the observed seasonal cycles of
CH4 and CHCCl3 at background sites very well. The
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simulated CH seasonal cycles depend on the destruc-
tion by reaction with OH, concealing the seasonality of
the underlying emissions. The simulated seasonal cy-
cles of CH, are influenced by the photochemical de-
struction by OH: without destruction, the simulated sea-
sonal cycles would more strongly reflect the seasonal
cycles present in the emission scenarios. Two of the six
simulated CH scenarios (CHLINV and CH;_EXTRA)

P. K. Patra et al.: TransCom model simulations of @kt related species

gases, and that transport and temperature (affecting
the reaction rate) differences play a smaller role. We
find net CH, emissions to the atmosphere of 513

and 514+ 14 Tg CH, yr~? (soil sink subtracted) for the
1990s and 2000s, respectively, are consistent with the
atmospheric losses accounted for due to OM)@nd

Cl in order to simulate Clconcentrations and growth
rates at the surface sites.

show a higher correlation with the observed seasonal

cycle. Supplementary material related to this

iv. A set of six CH, flux representations was used to inves- article is available online at:
tigate the role of specific processes in reproducing thehttp://www.atmos-chem-phys.net/11/12813/2011/
observed interannual variations in the £¢fowth rate.  acp-11-12813-2011-supplement.pdf
The control emission case (GHCTL) without a sig-

nificant Increase_ '_n a}nthropogenlq er_mssmns and n(_) In'AcknowledgementsWe thank Ingeborg Levin for useful dis-
terannual variability in natural emissions for the period cyssions on the possible causes for the decrease IH exchange
1990-2007 reproduces the declining growth rate in thetime as derived from the measurements and control simulation in
1990s, followed by the stabilization in the 2000s. Inclu- TransCom-CH4. This work is partly supported by JSPS/MEXT
sion of interannual variation in emissions from the wet- KAKENHI-A grant number 22241008. Generous support of the
land and forest fires (CHEXTRA) most successfully NIES team with the disk space and FTP services is greatly appre-
simulates the observed interannual variations inQH ciated. Support of Lori Bruhweiler, Daniel Jacob, Philippe Ciais,
was also suggested that the higher tropospheric tempera_nd Erederic Chevallier is appreciated in the early stages of this
atures during the 1997/1998 EI i resulted in larger ~€XPeriment. -~ We thank the ACE-FTS, AGAGE, GMD/ESRL

CHg, destruction, whereas the observations clearly shomf’md HALOE.teamS for observations; EDGAR, G.ISS/NASA’
a rise in CH concentration. To match the observa GFEDv2 (Guido van der Werf), IPSWETL (Bruno Ringeval),

.RIGCRice (Xiaoyuan Yan) for emission inventories. Without

tions, either enhanced emissions are required (as Mhese datasets TransCom-gHxperiment could not be com-
CH4_EXTRA), or less than average OH should have pieted. The ACE mission is funded primarily by the Canadian

been present in this period. space Agency. Annemarie Fraser is supported by the UK Nat-

. . . . ural Environment Research Council National Centre for Earth
v. The simulation of CHCCls is used to check the consis- Observation. ACCESS uses the Met Office Unified Mkl

tency of the employed OH abgndance _and dIStrIbUtlon'(UK) with a CSIRO land-surface scheme (CABLE) and the help
Two m_odels_ used an alternative OH f'e'f_’ next to the of Met Office and CSIRO staff, particularly Chris Jones and

prescribed field. Generally, models that simulate a loWgjona o’Connor, Martin Dix and Eva Kowalczyk, was much

abundance of CECCl3 also simulate a low abundance appreciated. We acknowledge the work of John McGregor and
of CHs. However, there are exceptions, which indicates Marcus Thatcher in the development of CCAM. ACCESS and
that CH, loss due to OH in the troposphere is not the CCAM simulations were undertaken as part of the Australian
only cause of the modeled GHifferences. Thus, hor- Climate Change Science Program and used the NCI National

izontal and vertical transport differences may also beFacility in Canberra, Australia. The contribution by the LLNL
important. authors was prepared under Contract DE-AC52-07NA27344, with

different parts supported by the IMPACTS project funded by the
vi. Further analysis reveals that the simulated,@irfbwth ~ US DOE (BER) and project (07-ERD-064) funded by the LDRD
rate shows (weak) correlations with the modeled verti- program at LLNL. Ronald Prinn and Matthew Rigby are supported
cal gradient in the equatorial lower stratosphere. Thisby NASA-AGAGE Grant NNX11AF17G to MIT. The TOMCAT
suggests that differences in vertical mixing of the emis-work at University of Leeds was supported by NERC/NCEO. We
sions and in stratosphere-troposphere exchange are tiigncerely thank two anonymous reviewers and James Wang for
main causes of the model-to-model differences. Next toprowdlng us constructive comments and helpful suggestions.
theT |nterhem|spher|c' transport in models, thl§ issue re-']:_Olited by: B. N. Duncan
quires further analysis, e.g. based on the archived mode
output.

vii. Finally, the multi-model lifetime estimates for Glnd References

CH3CCls were found to be fairly constant over the sim- Aok
ulation period with median values of 9.990.08 and surements of atmospheric methane at the Japanese Antarctic Sta-
4.61+0.13 for the period 1992 to 2007. This under-  tjon, Syowa, Tellus B, 44, 273-281, 1992.

scores the fact that OH (assumed constant in the simBelikov, D., Maksyutov, S., Miyasaka, T., Saeki, T., Zhuravlev, R.,
ulations) is the driving factor in the budgets of these and Kiryushov, B.: Mass-conserving tracer transport modelling

S., Nakazawa, T., Murayama, S., and Kawaguchi S.: Mea-

Atmos. Chem. Phys., 11, 1281132837 2011 www.atmos-chem-phys.net/11/12813/2011/


http://www.atmos-chem-phys.net/11/12813/2011/acp-11-12813-2011-supplement.pdf
http://www.atmos-chem-phys.net/11/12813/2011/acp-11-12813-2011-supplement.pdf

P. K. Patra et al.: TransCom model simulations of4GiHd related species 12833

on a reduced latitude-longitude grid with NIES-TM, Geosci. mos. Chem. Phys., 8, 2421-2488j:10.5194/acp-8-2421-2008
Model Dev., 4, 207-22240i:10.5194/gmd-4-207-2012011. 2008.

Bergamaschi, P., Frankenberg, C., Meirink, J. F., Krol, M., Vil- Denning, A. S., Holzer, M., Gurney, K. R., Heimann, M.,
lani, M. G., Houweling, S., Dentener, F., Dlugokencky, E. J., Law, R. M., Rayner, P. J., Fung, I. Y., Fan, S., Taguchi, S.,

Miller, J. B., Gatti, L. V., Engel, A., and Levin, l.: Inverse Friedlingstein, P., Balkanski, Y., Taylor, J., Maiss, M., and
modeling of global and regional CHemissions using SCIA- Levin, I.: Three-dimensional transport and concentration @f SF
MACHY satellite retrievals, J. Geophys. Res., 114, D22301, amodelintercomparison study (TransCom-2), Tellus B, 51, 266—
d0i:10.1029/2009JD012282009. 297, 1999.

Bloom, S., da Silva, A., Dee, D., Bosilovich, M., Chern, J.-D., Dentener, F., van Weele, M., Krol, M., Houweling, S., and van
Pawson, S., Schubert, S., Sienkiewicz, M., Stajner, I., Tan, W.- Velthoven, P.: Trends and inter-annual variability of methane
W., and Wu, M.-L.: Documentation and Validation of the God-  emissions derived from 1979-1993 global CTM simulations, At-
dard Earth Observing System (GEOS) Data Assimilation System mos. Chem. Phys., 3, 73-88i:10.5194/acp-3-73-2002003.

— Version 4, Technical Report Series on Global Modeling and Dlugokencky, E. J., Masarie, K. A., Lang, P. M., and Tans, P. P.:
Data Assimilation 104606, NASA Goddard Space Flight Center, Continuing decline in the growth rate of the atmospheric methane
Maryland, 26, 2005. burden, Nature, 393, 447-450, 1998.

Bousquet, P., Ciais, P., Miller, J. B., Dlugokencky, E. J., Hauglus- Dlugokencky, E. J., Houweling, S., Bruhwiler, L., Masarie, K. A,
taine, D. A., Prigent, C., van der Werf, G. R., Peylin, P., Lang, P. M., Miller, J. B., and Tans, P. P.: Atmospheric methane
Brunke, E.-G., Carouge, C., Langenfelds, R. L., Lethj J., levels off: temporary pause or a new steady-state?, Geophys.
Papa, F., Ramonet, M., Schmidt, M., Steele, L. P, Tyler, S. C., Res. Lett., 30, 1992§0i:10.1029/2003GL018122003.
and White, J.: Contribution of anthropogenic and natural sourcesDlugokencky, E. J., Myers, R. C., Lang, P. M., Masarie, K. A,,
to atmospheric methane variability, Nature, 443, 439-443, Crotwell, A. M., Thoning, K. W., Hall, B. D., Elkins, J. W., and
doi:10.1038/nature05132006. Steele, L. P.: Conversion of NOAA atmospheric dry air £H

Butler, J. H., Daube, B. C., Dutton, G. S., Elkins, J. W., Hall, B. D., mole fractions to a gravimetrically prepared standard scale, J.
Hurst, D. F., King, D. B., Kline, E. S., Lafleur, B. G., Lind, J., Geophys. Res., 110, D1830#i:10.1029/2005JD006038005.
Lovitz, S., Mondeel, D. J., Montzka, S. A., Moore, F. L., Emmons, L. K., Walters, S., Hess, P. G., Lamarque, J.-F., Pfister,
Nance, J. D., Neu, J. L., Romashkin, P. A., Scheffer, A., and G. G., Fillmore, D., Granier, C., Guenther, A., Kinnison, D.,
Snible, W. J.: Halocarbons and other atmospheric trace species, Laepple, T., Orlando, J., Tie, X., Tyndall, G., Wiedinmyer, C.,
Chapter 5, in: CMDL Summary Report No. 27, 2002-2003, Baughcum, S. L., and Kloster, S.: Description and evaluation of
edited by: Thompson, T. M., NOAA/US Department of Com-  the Model for Ozone and Related chemical Tracers, version 4
merce, Boulder, USA, 115-135, 2004. (MOZART-4), Geosci. Model Dev., 3, 43—-6@0i:10.5194/gmd-

Cao, M., Gregson, K., and Marshall, S.: Global methane emis- 3-43-20102010.
sion from wetlands and its sensitivity to climate change, Atmos. Etiope, G. and Milkov, A. V.: A new estimate of global methane
Environ., 32, 3293-329%0i:10.1016/S1352-2310(98)00105-8 flux from onshore and shallow submarine mud volcanoes to the
1998. atmosphere, Environ. Geol., 46, 997-108@i;10.1007/s00254-

Chen, Y.-H. and Prinn, R. G.: Estimation of atmospheric 004-1085-12004.
methane emissions between 1996-2001 using a 3-D globaFrankenberg, C., Warneke, T., Butz, A., Aben, I., Hase, F., Spi-
chemical transport model, J. Geophys. Res., 111, D10307, etz, P., and Brown, L. R.: Pressure broadening in theband
doi:10.1029/2005JD006053006. of methane and its implication on atmospheric retrievals, At-

Chipperfield, M. P.: New version of the TOMCAT/SLIMCAT off- mos. Chem. Phys., 8, 5061-50d56j:10.5194/acp-8-5061-2008
line chemical transport model: intercomparison of stratospheric  2008.
tracer experiments, Q. J. Roy. Meteorol. Soc., 132, 1179-1203Fraser, A., Chan Miller, C., Palmer, P. |., Deutscher, N. M.,
doi:10.1256/qj.05.512006. Jones, N. B., and Griffith, D. W. T.: The Australian methane

Corbin, K. D. and Law, R. M.: Extending atmospheric £0 budget: interpreting surface and train-borne measurements us-
and tracer capabilities in ACCESS, CAWCR Technical Report ing a chemistry transport model, J. Geophys. Res., 116, D20306,
No. 35, The Centre for Australian Weather and Climate Re- doi:10.1029/2011JD015962011.
search, ISBN: 978-1-921826-177, Aspendale, 2011. Feng, W., Chipperfield, M. P., Dhomse, S., Monge-Sanz, B. M.,

Cunnold, D. M., Steele, L. P.,, Fraser, P. J.,, Simmonds, P. G., Yang, X., Zhang, K., and Ramonet, M.: Evaluation of cloud
Prinn, R. G., Weiss, R. F., Porter, L. W., Langenfelds, R. L., convection and tracer transport in a three-dimensional chem-
Wang, H. J., Emmons, L., Tie, X. X., and Dlugokencky, E. J.: ical transport model, Atmos. Chem. Phys., 11, 5783-5803,
In situ measurements of atmospheric methane at GAGE/AGAGE doi:10.5194/acp-11-5783-2012011.
sites during 1985—-2000 and resulting source inferences, J. Ged-ung, |., John, J., Lerner, J., Matthews, E., Prather, M., Steele, L. P.,
phys. Res., 107, 4228p0i:10.1029/2001JD001228002. and Fraser, P. J.: Three-dimensional model synthesis of the

De Mazkre, M., Vigouroux, C., Bernath, P. F., Baron, P, Blu- global methane cycle, J. Geophys. Res., 96, 13033—-13065, 1991.
menstock, T., Boone, C., Brogniez, C., Catoire, V., Coffey, M., Geller, L. S., Elkins, J. W., Lobert, J. M., Clarke, A. D., Hurst, D. F.,

Duchatelet, P., Griffith, D., Hannigan, J., Kasai, Y., Kramer, I.,  Butler, J. H., and Myers, R. C.: TroposphericgSBbserved lati-
Jones, N., Mahieu, E., Manney, G. L., Piccolo, C., Randall, C., tudinal distribution and trends, derived emissions and interhemi-
Robert, C., Senten, C., Strong, K., Taylor, X®fdrd, C., Walker, spheric exchange time, Geophys. Res. Lett., 24, 675-678, 1997.

K. A., and Wood, S.: Validation of ACE-FTS v2.2 methane pro- Gent, P. R,, Yeager, S. G., Neale, R. B., Levis, S., and Bailey, D. A.:
files from the upper troposphere to the lower mesosphere, At- Improvements in a half degree atmosphere/land version of the

www.atmos-chem-phys.net/11/12813/2011/ Atmos. Chem. Phys., 11, 1P837-2011


http://dx.doi.org/10.5194/gmd-4-207-2011
http://dx.doi.org/10.1029/2009JD012287
http://dx.doi.org/10.1038/nature05132
http://dx.doi.org/10.1016/S1352-2310(98)00105-8
http://dx.doi.org/10.1029/2005JD006058
http://dx.doi.org/10.1256/qj.05.51
http://dx.doi.org/10.1029/2001JD001226
http://dx.doi.org/10.5194/acp-8-2421-2008
http://dx.doi.org/10.5194/acp-3-73-2003
http://dx.doi.org/10.1029/2003GL018126
http://dx.doi.org/10.1029/2005JD006035
http://dx.doi.org/10.5194/gmd-3-43-2010
http://dx.doi.org/10.5194/gmd-3-43-2010
http://dx.doi.org/10.1007/s00254-004-1085-1
http://dx.doi.org/10.1007/s00254-004-1085-1
http://dx.doi.org/10.5194/acp-8-5061-2008
http://dx.doi.org/10.1029/2011JD015964
http://dx.doi.org/10.5194/acp-11-5783-2011

12834 P. K. Patra et al.: TransCom model simulations of @kt related species

CCsSM, Clim. Dynam., 79, 25-58d0i:10.1007/s00382-009- Kanakidou, M., Dentener, F. J., Brasseur, G. P., Berntsen, T. K.,
0614-8 2009. Collins, W. J., Hauglustaine, D. A., Houweling, S., Isak-

Gupta, M., Tyler, S., and Cicerone, R.: Modeling atmo- sen, |. S. A., Krol, M., Lawrence, M. G., Muller, J. F. Pois-
spheri0813CH4 and the causes of recent changes in atmo- son, N., Roelofs, G. J., Wang, Y., and Wauben, W. M. F.: 3-
spheric CH amounts, J. Geophys. Res., 101, 22923-22932, D global simulations of tropospheric CO distributions — results
doi:10.1029/96JD0238A.996. of the GIM/IGAC intercomparison 1997 exercise, Chemosph.

Hein, R., Crutzen, P. J., and Heimann, M.: An inverse modeling Global Change Sci., 1, 263—-282, 1999.
approach to investigate the global atmospheric methane cycleKanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S. K., Hnilo, J. J.,
Global Biogeochem. Cy., 11, 43-76, 1997. Fiorino, M., and Potter, G. L.:, NCEP-DOE AMIP-II reanalysis

Hossaini, R., Chipperfield, M. P., Monge-Sanz, B. M., Richards, (R-2), B. Am. Meteorol. Soc., 83, 1631-1643, 2002.

N. A. D., Atlas, E., and Blake, D. R.: Bromoform and dibro- Kawa, S. R., Erickson lll, D. J., Pawson, S., and Zhu, Z.: Global

momethane in the tropics: a 3-D model study of chemistry and CO, transport simulations using meteorological data from the

transport, Atmos. Chem. Phys., 10, 719-786i:10.5194/acp- NASA data assimilation system, J. Geophys. Res., 109, D18312,
10-719-20102010. d0i:10.1029/2004JD004552004.

Hourdin, F., Musat, |, Bony, S., Braconnot, P., Codron, F., Krol, M. C., van Leeuwen, P.-J., and Lelieveld, J.: Global OH
Dufresne, J.-L., Fairhead, L., Filiberti, M.-A., Friedlingstein, P., trend inferred from methylchloroform measurements, J. Geo-
Grandpeix, J.-Y., Krinner, G., Levan, P., and Lott, F.: The phys. Res., 103, 10697-10711, 1998.

LMDZ4 general circulation model: climate performance and Krol, M. C., Lelieveld, J., Oram, D. E., Sturrock, G. A., Pen-
sensitivity to parametrized physics with emphasis on tropical kett, S. A., Brenninkmeijer, C. A. M., Gros, V., Williams, J.,

convection, Clim. Dynam., 27, 787—8180i:10.1007/s00382- and Scheeren, H. A.: Continuing emissions of methyl chloro-
006-0158-02006. form from Europe, Nature, 421, 131-135, 2003.

Houweling, S., Kaminski, T., Dentener, F., Lelieveld, J., and Krol, M., Houweling, S., Bregman, B., van den Broek, M., Segers,
Heimann, M.: Inverse modeling of methane sources and sinks A., van Velthoven, P., Peters, W., Dentener, F., and Bergamaschi,
using the adjoint of a global transport model, J. Geophys. Res., P.: The two-way nested global chemistry-transport zoom model
104, 26137-26160, 1999. TM5: algorithm and applications, Atmos. Chem. Phys., 5, 417—

Houweling, S., Dentener, F., Lelieveld, J., Walter, B., and Dlugo- 432,d0i:10.5194/acp-5-417-2003005.
kencky, E.: The modeling of tropospheric methane: how well Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A,
can point measurements be reproduced by a global model?, J. Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Geophys. Res., 105, 8981-9002, 2000. Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van

Huijnen, V., Williams, J., van Weele, M., van Noije, T., Krol, M., Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N., Mc-
Dentener, F., Segers, A., Houweling, S., Peters, W., de Laat, Connell, J. R., Naik, V., Riahi, K., and van Vuuren, D. P.: His-
J., Boersma, F., Bergamaschi, P., van Velthoven, P., Le Sager, torical (1850—-2000) gridded anthropogenic and biomass burning
P., Eskes, H., Alkemade, F., Scheele, Redhlec, P., and &z, emissions of reactive gases and aerosols: methodology and ap-
H.-W.: The global chemistry transport model TM5: description  plication, Atmos. Chem. Phys., 10, 7017-7088i;10.5194/acp-
and evaluation of the tropospheric chemistry version 3.0, Geosci. 10-7017-20102010.

Model Dev., 3, 445-473]0i:10.5194/gmd-3-445-201Q010. Lambert, G. and Schmidt, S.: Reevaluation of the oceanic flux

Ito, A. and Inatomi, M.: Use and uncertainty evaluation of a  of methane: uncertainties and long term variations, Chemosph.
process-based model for assessing the methane budgets of global Global Change Sci., 26, 579-589, 1993.
terrestrial ecosystems, Biogeosciences Discuss., 8, 7033-707Qangenfelds, R. L., Francey, R. J., Pak, B. C., Steele, L. P., Lloyd, J.,

doi:10.5194/bgd-8-7033-2012011. Trudinger, C. M., and Allison, C. E.: Interannual growth rate

Jacob, D. J., Prather, M. J., Wofsy, S. C., and McElroy, M. B.: At-  variations of atmospheric GOand itss13C, Hyp, CHg, and CO
mospheric distribution of°Kr simulated with a General Circu- between 1992 and 1999 linked to biomass burning, Global Bio-
lation Model, J. Geophys. Res., 92, 6614-6626, 1987. geochem. Cy., 16, 10480i:10.1029/2001GB00146@002.

Jacob, D. J., Prather, M. J., Rasch, P. J., Shia, R.-L., Balkaniaw, R. M., Rayner, P. J., Denning, A. S., Erickson, D., Fung, I. Y.,
ski, Y. J., Beagley, S. R., Bergmann, D. J., Blackshear, W. T., Heimann, M., Piper, S. C., Ramonet, M., Taguchi, S., Tay-
Brown, M., Chiba, M., Chipperfield, M. P., GrandprJ. D., lor, J. A., Trudinger, C. M., and Watterson, I. G.: Variations in
Dignon, J. E., Feichter, J., Genthon, C., Grose, W. L., Kashib- modeled atmospheric transport of carbon dioxide and the conse-
hatla, P. S., Kohler, I., Kritz, M. A., Law, K., Penner, J. E., quences for C@inversions, Global Biogeochem. Cy., 10, 783—
Ramonet, M., Reeves, C. E., Rotman, D. A., Stockwell, D. Z., 796,d0i:10.1029/96GB01892.996.

Velthoven, P. F. J. V., Verver, G., Wild, O., Yang, H., and Zim- Law, R. M., Kowalczyk, E. A., and Wang, Y. P.: Using atmospheric
mermann, P.: Evaluation and intercomparison of global atmo- CO, data to assess a simplified carbon-climate simulation for
spheric transport models usiR§?Rn and other short-lived trac- the 20th century, Tellus B, 53, 427-43d0i:10.1111/j.1600-
ers, J. Geophys. Res., 102, 5953-5970, 1997. 0889.2006.00198,2006.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Law, R. M., Peters, W., Rodenbeck, C., Aulagnier, C., Baker, .,
Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., Zhu, Y., Bergmann, D. J., Bousquet, P., Brandt, J., Bruhwiler, L.,
Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. Cameron-Smith, P. J., Christensen, J. H., Delage, F., Den-
C., Ropelewski, C., Wang, J., Leetmaa, A., Reynolds, R., ning, A. S., Fan, S., Geels, C., Houweling, S., Imasu, R.,
Jenne, R., and Joseph, D.: The NCEP/NCAR 40-yr reanalysis Karstens, U., Kawa, S. R., Kleist, J., Krol, M. C., Lin, S.-
project, B. Am. Meteorol. Soc., 77, 437-470, 1996. J., Lokupitiya, R., Maki, T., Maksyutov, S., Niwa, Y., On-

Atmos. Chem. Phys., 11, 1281132837 2011 www.atmos-chem-phys.net/11/12813/2011/


http://dx.doi.org/10.1007/s00382-009-0614-8
http://dx.doi.org/10.1007/s00382-009-0614-8
http://dx.doi.org/10.1029/96JD02386
http://dx.doi.org/10.5194/acp-10-719-2010
http://dx.doi.org/10.5194/acp-10-719-2010
http://dx.doi.org/10.1007/s00382-006-0158-0
http://dx.doi.org/10.1007/s00382-006-0158-0
http://dx.doi.org/10.5194/gmd-3-445-2010
http://dx.doi.org/10.5194/bgd-8-7033-2011
http://dx.doi.org/10.1029/2004JD004554
http://dx.doi.org/10.5194/acp-5-417-2005
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.1029/2001GB001466
http://dx.doi.org/10.1029/96GB01892
http://dx.doi.org/10.1111/j.1600-0889.2006.00198.x
http://dx.doi.org/10.1111/j.1600-0889.2006.00198.x

P. K. Patra et al.: TransCom model simulations of4GiHd related species

ishi, R., Parazoo, N., Patra, P. K., Pieterse, G., Rivier, L.,
Satoh, M., Serrar, S., Taguchi, S., Takigawa, M., Vautard, R.,
Vermeulen, A. T., and Zhu, Z.: TransCom model simulations
of hourly atmospheric C& experimental overview and diurnal
cycle results for 2002, Global Biogeochem. Cy., 22, GB3009,
doi:10.1029/2007GB003052008.

12835

tov, S., Niwa, Y., Onishi, R., Parazoo, N., Pieterse, G., Riv-
ier, L., Satoh, M., Serrar, S., Taguchi, S., Vautard, R., Ver-
meulen, A. T., and Zhu, Z.: TransCom model simulations
of hour’ly atmospheric C@ analysis of synoptic-scale varia-
tions for the period 2002—2003, Global Biogeochem. Cy., 22,
GB4013,d0i:10.1029/2007GB003082008.

Levin, I. and Hesshaimer, V.: Refining of atmospheric transportPatra, P. K., Takigawa, M., Dutton, G. S., Uhse, K., Ishijima, K.,

model entries by the globally observed passive tracer distribu-
tions of 85krypton and sulfur hexafluoride (g); J. Geophys.
Res., 101, 16745-16755, 1996.

Levin, ., Naegler, T., Heinz, R., Osusko, D., Cuevas, E., Engel, A,

Lintner, B. R., Miyazaki, K., and Elkins, J. W.: Transport mech-
anisms for synoptic, seasonal and interannug|\&ffiations and
“age” of air in troposphere, Atmos. Chem. Phys., 9, 1209-1225,
doi:10.5194/acp-9-1209-2002009a.

limberger, J., Langenfelds, R. L., Neininger, B., Rohden, C. v., Patra, P. K., Takigawa, M., Ishijima, K., Choi, B.-C., Cunnold, D.,

Steele, L. P., Weller, R., Worthy, D. E., and Zimov, S. A.: The
global Sk source inferred from long-term high precision atmo-

spheric measurements and its comparison with emission invento-

ries, Atmos. Chem. Phys., 10, 2655—-2668j:10.5194/acp-10-
2655-20102010.

Matthews, E. and Fung, |.: Methane emissions from natural wet-
lands: Global distribution, area, and ecology of sources, Global
Biogeochem. Cy., 1, 61-86d0i:10.1029/GB001i001p00061
1987.

McCulloch, A. and Midgley, P. M.: The history of methyl chloro-
form emissions: 1951-2000, Atmos. Environ., 35, 5311-5319,
2001.

Mikaloff-Fletcher, S. E., Tans, P. P., Bruhwiler, L. M., Miller, J. B.,
and Heimann, M.: Cll sources estimated from atmospheric ob-
servations of Clf and its Bcizc isotopic ratios: 2. Inverse
modeling of CH, fluxes from geographical regions, Global Bio-
geochem. Cy., 18, GB4008pi:10.1029/2004GB002222004.

Dlugokencky, E. J., Fraser, P., Gomez-Pelaez, A. J., Goo, T.-
Y., Kim, J.-S., Krummel, P., Langenfelds, R., Meinhardt, F.,
Mukai, H., O’'Doherty, S., Prinn, R. G., Simmonds, P., Steele, P.,
Tohjima, Y., Tsuboi, K., Uhse, K., Weiss, R., Worthy, D., and
Nakazawa, T.: Growth rate, seasonal, synoptic, diurnal varia-
tions and budget of methane in lower atmosphere, J. Meteorol.
Soc. Jpn., 87, 635-663, 2009h.

Patra, P. K., Houweling, S., Krol, M., Bousquet, P., Bruhwiler, L.,

and Jacob, D.: Protocol for TransCom glhhtercomparison,
Version 7, http://www.jamstec.go.jp/frcgc/research/d4/prabir/
papers/TCCH4protocolv7.pdf (last access: 26 April 2010),
2010.

Pickett-Heaps, C. A., Jacob, D. J., Wecht, K. J., Kort, E. A., Wofsy,

S. C., Diskin, G. S., Worthy, D. E. J., Kaplan, J. O., Bey, |., and
Drevet, J.: Magnitude and seasonality of wetland methane emis-
sions from the Hudson Bay Lowlands (Canada), Atmos. Chem.
Phys., 11, 3773-37780i:10.5194/acp-11-3773-2012011.

Mitchell, T. D. and Jones, P. D.: An improved method of con- Plumb, R. A.: A “tropical pipe” model of stratospheric transport, J.

structing a database of monthly climate observations and as-

Geophys. Res., 101, 3957-39d8j:10.1029/95JD03002.996.

sociated high-resolution grids, Int. J. Climatol., 25, 693-712, Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P.:

doi:10.1002/joc.11812005.
Montzka, S. A., Krol, M., Dlugokencky, E., Hall, B., Jockel, P., and

Numerical Recipes: The Art of Scientific Computing, Cam-
bridge University Press., New York, ISBN 0521308119, 1986.

Lelieveld, J.: Small interannual variability of global atmospheric Prigent, C., Papa, F., Aires, F., Rossow, W. B., and Matthews, E.:

hydroxyl, Science, 331, 67—6%0i:10.1126/science.1197640
2011.
Olivier, J. G. J. and Berdowski, J. J. M.: Global emissions sources

Global inundation dynamics inferred from multiple satellite
observations, 1993-2000, J. Geophys. Res., 112, D12107,
doi:10.1029/2006JD007842007.

and sinks, in: The Climate System, edited by: Berdowski, J.,Prinn, R. G., Weiss, R., Fraser, P., Simmonds, P., Cunnold, D.,

Guicherit, R., and Heij, B. J., ISBN 9058092550, A. A. Balkema
Publishers/Swets & Zeitlinger Pub., Lisse, The Netherlands, 33—
78, 2001.

Onogi, K., Tsutsui, J., Koide, H., Sakamoto, M., Kobayashi, S., Hat-
sushika, H., Matsumoto, T., Yamazaki, N., Kamahori, H., Taka-
hashi, K., Kadokura, S., Wada, K., Kato, K., Oyama, R., Ose, T.,

Alyea, F., O'Doherty, S., Salameh, P., Miller, B., Huang, J.,
Wang, R., Hartley, D., Harth, C., Steele, L., Sturrock, G.,
Midgley, P., and McCulloch, A.: A history of chemi-
cally and radiatively important gases in air deduced from
ALE/GAGE/AGAGE, J. Geophys. Res., 105, 17751-17792,
doi:10.1029/2000JD900142000.

Mannoji, N., and Taira, R.: The JRA-25 reanalysis, J. Meteorol. Prinn, R. G., Huang, J., Weiss, R. F., Cunnold, D. M., Fraser, P. J.,

Soc. Jpn., 85, 369-432, 2007.

Park, J. H., Russell, J. M., Gordley, L. L., Drayson, S. R., Ben-
ner, D. C., Mclnerney, J. M., Gunson, M. R., Toon, G. C,,
Sen, B., Blavier, J. F., Webster, C. R., Zipf, E. C., Erdman, P,,
Schmidt, U., and Schiller, C.: Validation of halogen occulta-

Simmonds, P. G., McCulloch, A., Harth, C., Reimann, S.,
Salameh, P., O’'Doherty, S., Wang, R. H. J., Porter, L. W,
Miller, B. R., and Krummel, P. B.: Evidence for variability of
atmospheric hydroxyl radicals over the past quarter century, Geo-
phys. Res. Lett., 32, L078080i:10.1029/2004GL022222005.

tion experiment Cl measurements from the UARS, J. Geophys. Rasmussen, R. A. and Khalil, M. A. K.: Atmospheric methane in re-

Res., 101, 10183-10203, 1996.
Patra, P. K., Law, R. M., Peters, W., Rodenbeck, C., Taki-

cent and ancient atmospheres: concentrations, trends, and inter-
hemispheric gradient, J. Geophys. Res., 89, 11599-11605, 1984.

gawa, M., Aulagnier, C., Baker, |, Bergmann, D. J., Bous- Rigby, M., Prinn, R. G., Fraser, P. J., Simmonds, P. G., Lan-

quet, P., Brandt, J., Bruhwiler, L., Cameron-Smith, P. J., Chris-
tensen, J. H., Delage, F., Denning, A. S., Fan, S., Geels, C.,
Houweling, S., Imasu, R., Karstens, U., Kawa, S. R., Kleist, J.,
Krol, M. C., Lin, S.-J., Lokupitiya, R., Maki, T., Maksyu-

www.atmos-chem-phys.net/11/12813/2011/

genfelds, R. L., Huang, J., Cunnold, D. M., Steele, L. P.,
Krummel, P. B., Weiss, R. F., O'Doherty, S., Salameh, P. K.,
Wang, H. J., Harth, C. M., Muhle, J., and Porter, L. W.: Re-
newed growth of atmospheric methane, Geophys. Res. Lett., 35,

Atmos. Chem. Phys., 11, 1P837-2011


http://dx.doi.org/10.1029/2007GB003050
http://dx.doi.org/10.5194/acp-10-2655-2010
http://dx.doi.org/10.5194/acp-10-2655-2010
http://dx.doi.org/10.1029/GB001i001p00061
http://dx.doi.org/10.1029/2004GB002224
http://dx.doi.org/10.1002/joc.1181
http://dx.doi.org/10.1126/science.1197640
http://dx.doi.org/10.1029/2007GB003081
http://dx.doi.org/10.5194/acp-9-1209-2009
http://www.jamstec.go.jp/frcgc/research/d4/prabir/papers/TC_CH4protocol_v7.pdf
http://www.jamstec.go.jp/frcgc/research/d4/prabir/papers/TC_CH4protocol_v7.pdf
http://dx.doi.org/10.5194/acp-11-3773-2011
http://dx.doi.org/10.1029/95JD03002
http://dx.doi.org/10.1029/2006JD007847
http://dx.doi.org/10.1029/2000JD900141
http://dx.doi.org/10.1029/2004GL022228

12836

L22805,d0i:10.1029/2008GL036032008.

Rigby, M., Muhle, J., Miller, B. R., Prinn, R. G., Krummel, P.
B., Steele, L. P., Fraser, P. J., Salameh, P. K., Harth, C. M.,
Weiss, R. F., Greally, B. R., O’'Doherty, S., Simmonds, P. G.,
Vollmer, M. K., Reimann, S., Kim, J., Kim, K.-R., Wang, H.
J., Olivier, J. G. J., Dlugokencky, E. J., Dutton, G. S., Hall, B.
D., and Elkins, J. W.: History of atmospheric &ffom 1973 to
2008, Atmos. Chem. Phys., 10, 10305-10321;10.5194/acp-
10-10305-20102010.

Ringeval, B., de Noblet-Ducouér N., Ciais, P., Bousquet, P., Pri-
gent, C., Papa, F., and Rossow, W. B.: An attempt to quantify

the impact of changes in wetland extent on methane emissions 1.

Sudo, K., Takahashi,

P. K. Patra et al.: TransCom model simulations of @kt related species

fala, J., Collins, W. J., Derwent, R. G., Doherty, R. M., Drevet, J.,
Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A,,
Horowitz, L. W,, Isaksen, I. S. A., Krol, M. C., Lamarque, J.-
F., Lawrence, M. G., Montanaro, V., Muller, J.-F., Pitari, G.,
Prather, M. J., Pyle, J. A., Rast, S., Rodriguez, J. M., Sander-
son, M. G., Savage, N. H., Shindell, D. T., Strahan, S. E.,
Sudo, K., and Szopa, S.: Multimodel ensemble simulations
of present-day and near-future tropospheric ozone, J. Geophys.
Res., 111, D0830M0i:10.1029/2005JD006332006.

M., Kurokawa, J., and Akimoto, H.:
CHASER: a global chemical model of the troposphere
Model description, J. Geophys. Res., 107, 4339,

on the seasonal and interannual time scales, Global Biogeochem. doi:10.1029/2001JD001113002.

Cy., 24, GB2003¢d0i:10.1029/2008GB003352010.

Rotman, D. A., Atherton, C., Bergmann, D. J., Cameron-
Smith, P. J., Chuang, C. C., Connell, P. S., Dignon, J. E.,
Franz, A., Grant, K. E., Kinnison, D. E., Molenkamp, C. R.,
Proctor, D. D., and Tannahill, J. R.: IMPACT, the LLNL 3-D

Takigawa, M., Takahashi, M., and Akiyoshi, H.: Simulation of

ozone and other chemical species using a Center for Climate Sys-
tem Research/National Institute for Environmental Studies atmo-
spheric GCM with coupled stratospheric chemistry, J. Geophys.
Res., 104, 14003-14018, 1999.

global atmospheric chemical transport model for the combinedUppala, S. M., Koallberg, P. W., Simmons, A. J., Andrae, U., da
troposphere and stratosphere: model description and analysis of Costa Bechtold, V., Fiorino, M., Gibson, J. K., Haseler, J., Her-
ozone and other trace gases, J. Geophys. Res., 109, D04303, nandez, A., Kelly, G., Li, X., Onogi, K., Saarinen, S., Sokka, N.,

d0i:10.1029/2002JD003153004.

Sander, S. P., Golden, D. M., Kurylo, M. J., Moortgat, G. K.,
Keller-Rudek, H., Wine, P. H., Ravishankara, A. R., Kolb, C. E.,
Molina, M. J., Finlayson-Pitts, B. J., Huie, R. E., and
Orkin, V. L.: Chemical Kinetics and Photochemical Data for Use
in Atmospheric Studies, Evaluation Number 15, JPL Publication
06-2, Jet Propulsion Laboratory, California Institute of Technol-
ogy, Pasadena, CA, 2006.

Shindell, D. T., Faluvegi, G., Stevenson, D. S., Krol, M. C.,

Allan, R. P., Andersson, E., Arpe, K., Balmaseda, M. A., Bel-
jaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N.,
Caires, S., Chevallier, F., Dethof, A., Dragosavac, M., Fisher, M.,
Fuentes, M., Hagemann, S., Holm, E., Hoskins, B. J., Isaksen, L.,
Janssen, P. A. E. M., Jenne, R., McNally, A. P. A., Mahfouf, J.-
F., Morcrette, J.-J., Rayner, N. A., Saunders, R. W., Simon, P.,
Sterl, A., Trenberth, K. E., Untch, A., Vasiljevic, D., Viterbo, P.,
and Woollen, J.: The ERA-40 re-analysis, Q. J. Roy. Meteorol.
Soc., 131, 2961-3018pi:10.1256/qj.04.1762005.

Emmons, L. K., Lamarque, J.-F., Petron, G., Dentener, F. J.van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J.,

Ellingsen, K., Schultz, M. G., Wild, O., Amann, M., Ather-

ton, C. S., Bergmann, D. J., Bey, |., Butler, T., Cofala, J.,
Collins, W. J., Derwent, R. G., Doherty, R. M., Drevet, J.,
Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A,,

Kasibhatla, P. S., and Arellano Jr., A. F.: Interannual variabil-
ity in global biomass burning emissions from 1997 to 2004, At-
mos. Chem. Phys., 6, 3423-344ibj:10.5194/acp-6-3423-2006
2006.

Horowitz, L. W., Isaksen, I. S. A., Lawrence, M. G., Monta- Velders, G.: Description of the RIVM 2-dimensional stratosphere
naro, V., Muller, J. F., Pitari, G., Prather, M. J., Pyle, J. A,, model, RIVM Report 722201002, The Netherlands, 1995.
Rast, S., Rodriguez, J. M., Sanderson, M. G., Savage, N. H., Strawang, J. S., Logan, J. A., McElroy, M. B., Duncan, B. N., Megret-
han, S. E., Sudo, K., Szopa, S., Unger, N., van Noije, T. P. C., and skaia, I. A., and Yantosca, R. M.: A 3-D model analysis of
Zeng, G.: Multi-model simulations of carbon monoxide: com-  the slowdown and interannual variability in the methane growth
parison with observations and projected near-future changes, J. rate from 1988 to 1997, Global Biogeochem. Cy., 18, GB3011,
Geophys. Res., 111, D1930#i:10.1029/2006JD00710R006. doi:10.1029/2003GB002182004.

Shindell, D. T., Faluvegi, G., Koch, D. M., Schmidt, G. A., WDCGG — WMO World Data Centre for Greenhouse Gases: Japan
Unger, N., and Bauer, S. E..: Improved attribution of  Meteorological Agency, Tokyo, online available dtttp://gaw.
climate forcing to emissions, Science, 326, 716-718, kishou.go.jp/wdcgg.htmllast access: 19 April 2010), 2010.
doi:10.1126/Science.1174768009. WMO/SAOD, World Meteorological Organization, Scientific As-

Simpson, I. J., Rowland, F. S., Meinardi, S., and Blake, D. R.: In- sessment of Ozone Depletion: Global Ozone Research Monitor-
fluence of biomass burning during recent fluctuations in the slow ing Project — Report No. 47, WMO, Geneva, 498 pp., 2003.
growth of global tropospheric methane, Geophys. Res. Lett., 33Wofsy, S. C., the HIPPO Science Team and Cooperating Mod-

L22808,d0i:10.1029/2006GL02733Q006.

Spivakovsky, C., Logan, J. A., Montzka, S. A., Balkanski, Y. J.,
Foreman-Fowler, M., Jones, D. B. A., Horowitz, L. W,
Fusco, A. C., Brenninkmeijer, C. A. M., Prather, M. J,,
Wofsy, S. C., McElroy, M. B.: Three-dimensional climatolog-

ellers and Satellite Teams: HIAPER pole-to-pole observations
(HIPPO): fine grained, global scale measurements for determin-
ing rates for transport, surface emissions, and removal of clima-
tologically important atmospheric gases and aerosols, Philos. T.
Roy. Soc. A, 369, 2073-2086, 2011.

ical distribution of tropospheric OH: update and evaluation, J. Xiong, X., Barnet, C. D., Maddy, E., Sweeney, C., Liu, X., Zhou, L.,

Geophys. Res., 105, 8931-8980, 2000.

Stevenson, D. S., Dentener, F. J., Schultz, M. G., Ellingsen, K.,

van Noije, T. P. C., Wild, O., Zeng, G., Amann, M., Ather-

and Goldberg, M.: Characterization and validation of methane
products from the atmospheric infrared sounder (AIRS), J. Geo-
phys. Res., 113, GOOAO#lpi:10.1029/2007JG00050R008.

ton, C. S., Bell, N., Bergmann, D. J., Bey, I., Butler, T., Co- Yan, X., Akiyama, H., Yagi, K., and Akimoto, H.: Global estima-

Atmos. Chem. Phys., 11, 1281132837 2011

www.atmos-chem-phys.net/11/12813/2011/


http://dx.doi.org/10.1029/2008GL036037
http://dx.doi.org/10.5194/acp-10-10305-2010
http://dx.doi.org/10.5194/acp-10-10305-2010
http://dx.doi.org/10.1029/2008GB003354
http://dx.doi.org/10.1029/2002JD003155
http://dx.doi.org/10.1029/2006JD007100
http://dx.doi.org/10.1126/Science.1174760
http://dx.doi.org/10.1029/2006GL027330
http://dx.doi.org/10.1029/2005JD006338
http://dx.doi.org/10.1029/2001JD001113
http://dx.doi.org/10.1256/qj.04.176
http://dx.doi.org/10.5194/acp-6-3423-2006
http://dx.doi.org/10.1029/2003GB002180
http://gaw.kishou.go.jp/wdcgg.html
http://gaw.kishou.go.jp/wdcgg.html
http://dx.doi.org/10.1029/2007JG000500

P. K. Patra et al.: TransCom model simulations of4GiHd related species 12837

tions of the inventory and mitigation potential of methane emis- Yoshida, Y., Ota, Y., Eguchi, N., Kikuchi, N., Nobuta, K., Tran, H.,

sions from rice cultivation conducted using the 2006 intergovern-  Morino, I., and Yokota, T.: Retrieval algorithm for G@nd CH;

mental panel on climate change guidelines, Global Biogeochem. column abundances from short-wavelength infrared spectral ob-

Cy., 23, GB2002d0i:10.1029/2008GB003292009. servations by the Greenhouse gases observing satellite, Atmos.
Meas. Tech., 4, 717-73d0i:10.5194/amt-4-717-2012011.

www.atmos-chem-phys.net/11/12813/2011/ Atmos. Chem. Phys., 11, 1P837-2011


http://dx.doi.org/10.1029/2008GB003299
http://dx.doi.org/10.5194/amt-4-717-2011

