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Abstract. We have developed an improved version of the Total Carbon Column Observing Network (TCCON) (Bia-
National Institute for Environmental Studies (NIES) three- lystok, Bremen, Darwin, Garmisch, liza, Lamont, Lauder,
dimensional chemical transport model (TM) designed for ac-Orleans, Park Falls, SodankylITsukuba, and Wollongong)
curate tracer transport simulations in the stratosphere, usingetween January 2009 and January 2011. The comparison
a hybrid sigma-isentropia(6) vertical coordinate that em- shows the model’s ability to reproduce the site-dependent
ploys both terrain-following and isentropic parts switched seasonal cycles as observed by TCCON, with correlation
smoothly around the tropopause. The air-ascending rate wasoefficients typically on the order 0.8-0.9 and 0.4-0.8 for
derived from the effective heating rate and was used toXCO, and XCH,, respectively, and mean model biases of
simulate vertical motion in the isentropic part of the grid £0.2 % and+0.5 %, excluding Sodankg] where strong bi-
(above level 350K), which was adjusted to fit to the ob- ases are found. The ability of the model to capture the tracer
served age of the air in the stratosphere. Multi-annual sim-+otal column mole fractions is strongly dependent on the
ulations were conducted using the NIES TM to evaluatemodel’s ability to reproduce seasonal variations in tracer con-
vertical profiles and dry-air column-averaged mole fractionscentrations in the planetary boundary layer (PBL). We found
of CO, and CH,. Comparisons with balloon-borne obser- a marked difference in the model’s ability to reproduce near-
vations over Sanriku (Japan) in 2000-2007 revealed thasurface concentrations at sites located some distance from
the tracer transport simulations in the upper tropospheranultiple emission sources and where high emissions play
and lower stratosphere are performed with accuracies o& notable role in the tracer’'s budget. Comparisons with air-
~59% for CH; and Sk, and~1% for CQ; compared with  craft observations over Surgut (West Siberia), in an area with
the observed volume-mixing ratios. The simulated column-high emissions of methane from wetlands, show contrasting
averaged dry air mole fractions of atmospheric carbon diox-model performance in the PBL and in the free troposphere.
ide (XCO) and methane (XCk) were evaluated against Thus, the PBL is another critical region for simulating the
daily ground-based high-resolution Fourier Transform Spec-racer total column mole fractions.

trometer (FTS) observations measured at twelve sites of the
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1 Introduction spheric concentration, which is affected in turn by changes
in tropopause height. The effects of variations in tropopause
Carbon dioxide (C@) and methane (CkJ are the green- height are more pronounced with increasing contrast be-
house gases that contribute the most to global warmingween stratospheric and tropospheric concentrations; i.e., the
(IPCC, 2007). Recent studies of global sources and sinkénfluence is greater for CHthan for CQ due to CH ox-
of greenhouse gases, and their concentrations and distribudation by OH, O(1D), and ClI in the stratosphere. A 30-
tions, have been based mainly on in situ surface measureepbv change in tropospheric Gror a 30-hPa change in
ments (GLOBALVIEW-CH4, 2009; GLOBALVIEW-CO2, tropopause height would produce-d..5 % variation in sea
2010). The diurnal and seasonal “rectifier effect”, the covari-level XCH, (Washenfelder et al., 2003).
ance between surface fluxes and the strength of vertical mix- A precision of 2.5 ppm (better than 1 %) for GQRayner
ing, and the proximity of local sources and sinks to surfaceand O’Brien, 2001) and 1%-2 % for GHMeirink et al.,
measurement sites all have an influence on the measured a206) for monthly mean column-integrated concentrations
simulated concentrations, and complicate the interpretatioron a regional scale is needed to reduce uncertainties in pre-
of results (Denning et al., 1996; Gurney et al., 2004; Bakerdictions of the carbon cycle. The target requirement formu-
et al., 2006). lated for the candidate Earth Explorer mission A-SCOPE
In contrast, the vertical integration of mixing ratio divided mission is 0.02 Pg C yr* per 106 kn? or 0.1 ppm (Ingmann,
by surface pressure, denoted as the column-averaged dry-&009; Houweling et al., 2010). Transport-model-induced
mole fraction (DMF; denoted XG for ga§) is much less  flux uncertainties that exceed the target requirement could
sensitive to the vertical redistribution of the tracer within also limit the overall performance of GOnissions such as
the atmospheric column (e.g. due to variations in planetaryGOSAT. However, the model accuracy requirement may de-
boundary layer (PBL) height) and is more directly related pend on the measurement sensitivity (averaging kernel) for
to the underpinning surface fluxes than are near-surface cordifferent tracers. If the measurement has little or no sensi-
centrations (Yang et al., 2007). Thus, column-averaged meativity to the tracer VMR in a given altitude region, then the
surements and simulations are expected to be very useful fagiccuracy of the model tracer concentrations in that region
improving our understanding of the carbon cycle (Yang et al. is irrelevant. A key element in accurately determining XCO
2007; Keppel-Aleks et al., 2011; Wunch et al., 2011). and XCH is to obtain precise simulations of tracers through-
The Short-Wave InfraRed (SWIR) measurements fromout the atmosphere, including the stratosphere as well as the
the SCIAMACHY imaging spectrometer onboard the EN- PBL.
VISAT satellite (Bovensmann et al., 1999) and the Japanese Hall et al. (1999) suggested that many chemical trans-
Greenhouse gases Observing SATellite (GOSAT) (Yokotaport models (CTMs) demonstrate some common failings of
et al.,, 2009) show some usefulness in determining themodel transport in the stratosphere. The difficulty of accu-
dry-air column-averaged mole fractions of carbon dioxiderately representing dynamical processes in the upper tro-
(XCO2) and methane (XClj (Bergamaschi et al.,, 2007, posphere (UT) and lower stratosphere (LS) has been high-
2009; Bloom et al., 2010). However, the GOSAT retrieval lighted in recent studies (Mahowald et al., 2002; Waugh and
algorithms are under continuing development and requireHall, 2002; Monge-Sanz et al., 2007). While there are many
reliable data for evaluation. One appropriate way to vali- contributing factors, the principal factors affecting model
date GOSAT is to use ground-based high-resolution Fourieperformance in vertical transport are meteorological data and
Transform Spectrometer (FTS) observations from the Totakhe vertical grid layout (Monge-Sanz et al., 2007).
Carbon Column Observing Network (TCCON) (Butz et al., The use of different meteorological fields in driving chem-
2011; Morino et al., 2011; Parker et al., 2011; Wunch etical transport models can lead to diverging distributions of
al., 2011). Ground-based FTS observations of the absorptioshemical species in the upper troposphere/lower stratosphere
of direct sunlight by atmospheric gases in the near-infrared UTLS) region (Douglass et al., 1999). Several studies based
(NIR) spectral region provide accurate measurements of then multi-year CTM simulations have shown that vertical
total columns of greenhouse gases (Wunch et al., 2010). Duwinds directly supplied from analyses can result in an over-
to the limited number of TCCON sites, there is a relatively prediction of the strength of the stratospheric circulation and
uneven spatial distribution of measurements, and measurean under-prediction of the age of air (Chipperfield, 2006;
ments are not continuous because they depend on the cloddonge-Sanz et al., 2007). On the isentropic grid, the diabatic
conditions (Wunch et al., 2011, Crisp et al., 2012). As aheating rate can be substituted for the analysed vertical veloc-
result, there are notable temporal and spatial gaps in théy. A radiation scheme or recalculated radiation data can be
data coverage, particularly at high latitudes and over heavused to resolve some of the problems of vertical winds from
ily clouded areas such as South America, Africa, and Asia;assimilated data products. Weaver et al. (1993) found that the
in such areas, model data can be used (Parker et al., 2011).use of a radiative scheme for long-term simulations gave a
The synoptic and seasonal variabilities in X£@nd better representation of the meridional circulation, compared
XCH4 are driven mainly by changes in surface pressurewith simulations using the analysed vertical winds.
the tropospheric volume-mixing ratio (VMR) and the strato-
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The isentropic vertical coordinate system has notable ad{Eguchi et al., 2010). However, this approach does not ac-
vantages over other types of coordinate systems, such asount for year-to-year VMR variation and can distort the
height, pressure, and “sigma” (Arakawa and Moorthi, 1988; meridional mass circulation in long-term simulations.

Hsu, 1990), due to its ability to minimize vertical trunca- It was previously thought that because potential temper-
tion and the non-existence of vertical motion under adia-ature under adiabatic motion is individually conserved, it
batic conditions, except for diabatic heating (Bleck, 1978; could be used as an ideal vertical coordinate. However, in
Kalnay, 2002). These advantages result in reduced finite difseveral studies that have been published since the first suc-
ference errors in sloping frontal surfaces, where pressure ocessful integration of hydrostatic equations in isentropic co-
z-coordinates tend to have large errors associated with poorlprdinates performed by Eliassen and Raustein (1968), a num-
resolved vertical motion. The implementation of an isen- ber of disadvantages have been revealed. Many of them relate
tropic coordinate with a radiation scheme helps to avoid er-to the fact that isentropes intersect the Earth’s surface. The
roneous vertical dispersion and enables the accurate calcul@ombined hybrid vertical coordinate system consisted of the
tion of vertical transport in the UTLS region (Mahowald et 6 coordinate in the free atmosphere (where the air motion is
al., 2002; Chipperfield, 2006). guasi-adiabatic) with & terrain-following system near the

The aim of this study is to develop a NIES TM version surface, which helps to avoid problems with thevertical
with an improved tracer transport simulation in the strato- coordinate (Bleck, 1978).
sphere by implementing a sigma-isentropic coordinate sys- Hence, we follow the general methodology of Hsu and
tem with an air-ascending rate derived from the effective Arakawa (1990) and Konor and Arakawa (1997), and use
heating rate, in order to obtain a more accurate simulatiorthes-6 hybrid sigma-isentropic coordinate that is isentropic
of atmospheric C® and CH, profiles, and corresponding in the UTLS region but terrain-following in the free tropo-
column-averaged concentration. The remainder of the pasphere. The coordinates switch smoothly near the tropopause
per is organized as follows. The model modifications arelevel, as follows:
described in Sect. 2, and Sect. 3 presents an evaluation of
the modeled age of the air and a validation the,COHj, _ (P + ({ATPQ)AQ) Pis, if 6>0r,
and Sk vertical profiles by comparison against balloon- 7 = 1— Bs=P)do) it g g,
borne in situ observations in the stratosphere. Also examined (Fs=Fo) ’
is the model's performance in reproducing the near-surfacevhere¢ denotes the level of the sigma-isentropic grid as de-
concentration and free-troposphere vertical profiles 0§.CH scribed in Table 1Pand P, are atmospheric pressure and sur-

XCOz and XCH, simulated by NIES TM are compared with face atmospheric pressure respectively,T (PS/P)(R/CP)

daily FTS observations at twelve' TCCON sites between Jan;g potential temperaturd; depicts temperature is the mo-
uary 2009 and January 2011. Finally,

: ally, a discussion (Sect. 4) 445 constant;,, is the specific heat for a constant pres-
and conclusions (Sect. 5) are provided. sure,op and P, are “sigma” and pressure at the leval,
respectivelyWe setdr = 360 K to ensure that isentropes do
not intersect the Earth’s surface.

1)

2 Model description

2.2 Simulation of upward motion in the stratosphere
This section describes the formulation of the NIES model
version (denoted NIES-08.1i) used in this paper. Belikov etTo calculate vertical transport in tidecoordinate domain of
al. (2011) described the main model features, such as théhe hybrid sigma-isentropic coordinate, we use precalculated
flux-form dynamical core with a third-order van Leer ad- heating rates. Unlike the SLIMCAT model, which has an em-
vection scheme, a reduced latitude—longitude grid, a horibedded diagnostic radiation scheme to calculate heating rates
zontal flux-correction method (necessary for mass conservalChipperfield, 2006), the NIES model interpolates the clima-
tion) and turbulence parameterization. However, the preserfological heating rate at every meteorology data update step
paper focuses on the recently incorporated hybrid sigma{3 h) at every model cell of the sigma-isentropic grid using a
isentropic vertical coordinate and a change in the meteoro2-D monthly distribution of the atmospheric reanalysis heat-

logical dataset used to drive the model. ing rate (see Sect. 2.3).
The most problematic region in modelling vertical trans-
2.1 Sigma-isentropic vertical coordinate port is a level around the tropopause transition region known

as the Tropical Tropopause Layer (TTL). Radiative heating
Previous NIES transport model versions with sigma-pressurén the TTL is a result of heating from the absorption of in-
and hybrid sigma-pressure vertical coordinate systems do ndtared radiation by ozone and carbon dioxide, balanced by in-
fully accommodate chemical and dynamical processes in théared cooling, mainly from water vapor (Thuburn and Craig,
stratosphere, which results in the model failing to reproduce2002). The level termed as the “stagnation surface” (Sher-
vertical tracer profiles. To overcome this issue, one can usevood and Dessler, 2003) occurs where the total heating rate
climatological values of C®and CH; in the stratosphere  Qiotal = 0, and is demarcated by net cooling below and net
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Table 1. Levels of the vertical grid in the NIES TM model.

H, km o =PIPR; ~A,m ((o—0 gridlevels), K Number of levels
Near-surface layer 0-2 1.0-0.795 250 - 8
Free troposphere 2-12 0.795-0.195 1000 —, 330, 350 10
1000 365, 380, 400, 415,
Upper troposphere and stratosphere  12-40 0.195-0.003 435, 455, 475, 500
2000 545, 14
- 590, 665, 850,
1325, 1710
Total levels: 32

heating above. The height of this transition level is almost — Constant vertical wind component (0.6 K ddy was
constantly around = 360 K (~15km, 125 hPa) (Gettelman set at the levels 180—-40 hPa for tropical areas &5
etal., 2004; Folkins et al., 1999). There is some variability in 15°N).

the level of Qiotal = 0; €.9.,42500 m between different loca-

tions and seasons:400 m for individual profiles (Gettelman 2.3 Meteorological data and vertical resolution

et al., 2004). ) ) )

Among other aspects of Troposphere—to—Stratospheré\l_'ES TM is an off-line model driven by Japanese reanaly-
Transport (TST) that are not adequately addressed, it is un$iS data covering more than 30 years from 1 January 1979
clear how air parcels overcome the vertical gap between théOnogi et al., 2007). The period of 1979-2004 is covered by
main convective outflow around 350 K and the level with sig- the Japanese 25-year Reanalysis (JRA-25), which is a prod-
nificant heating rates (Konopka et al., 2007). In some mod-Uct of the Japan Meteorological Agency (JMA) and the Cen-
els, erroneous spurious meteorology, a diffusive numericalral Research Instltgte of Elect_rlc Power In_dustry (CRIEPI).
scheme (Eluszkiewicz et al., 2000), or extra vertical motion/After 2005, a real-time operational analysis, employing the
due to the implementation of vertical transport misrepresentSame assimilation system as JRA-25, has been continued as

ing the adiabatic conditions are responsible for extra artificialth® JMA Climate Data Assimilation System (JCDAS). The
mixing in this region, thereby obscuring the vertical transportJRA-25/JCDAS dataset is distributed on Gaussian horizon-

problem. tal grid T106 (320 x160) with 40 hybrid-p levels. The

In isentropic coordinates, the impact of such erroneous ef6-hourly time step of JRA-25/JCDAS is coarser than the
fects is significantly reduced. As a result, the use of a simu-3-hourly data from the National Centers for Environmen-
lated heating rate leads to insufficient TST of tracers througt@ Prediction (NCEP) Global Forecast System (GFS) and
the TTL. When models are unable to resolve a process ex&lobal Point Value (GPV) datasets, which were used in the
plicitly, it is necessary to implement a parameterization toPrevious model version (Belikov etal., 2011). However, with
improve the simulation. Thus, Konopka et al. (2007) showed? better vertical resolution (40 levels on a hyhrigh grid ver-
that more realistic tracer distributions are obtained by im-SUs 25and 21 pressure levels for GFS and GPV, respectively)
plementing the mixing parameterisation into a Chemical La-t i possible to implement a vert|c'al gr|d with 32 Ievgls (ver-
grangian Model of the Stratosphere (CLaMS) with an isen-SUS 25 levels used before), resulting in a more detailed reso-
tropic vertical coordinate. Induced vertical mixing, driven lution of the boundary layer and UTLS region (Table 1).
mainly by vertical shear in the tropical flanks of subtropi-  1he 2-D monthly distribution of the climatological heating
cal jets, has been cited in explaining the upward transport of € used to calculate vertical transport in #heoordinate
trace species from the main convective outflow to the tropicaidomain of the hybrid sigma-isentropic coordinate is prepared
tropopause around 380 K (Konopka et al., 2007). from JRA-25 reanalysis data, which are provided as the sum

The total diabatic heating rates of different reanalysis©f Short- and long-wave components on pressure levels.
products can produce dissimilar results (Fueglistaler et al.
2009). In our work, we implemented a scheme with addi-
tional transport in the TTL by increasing the air-ascending

rate in the TTL, which was adjusted to fit the observed 498The calculation of turbulent diffusion is similar to that de-

of air in the stratosphere, as follows: scribed by Maksyutov et al. (2008). To separate the trans-
— For levels above 360 K (isentropic part of the vertical port processes in the well-mixed near-surface layer and
coordinate), the air-ascending rate was multiplied byfree troposphere, we used 3-hourly PBL height data taken
2.5. from European Centre for Medium-Range Weather Forecasts

2.4 Turbulent diffusion and deep convection
parameterization
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(ECMWEF) Interim Re-Analysis. Above the top of the PBL, @ The CQ simulation was started on 1 January 2000
the parameterisation of the turbulent diffusivity follows the with the initial distribution derived from GLOBALVIEW-
approach used by Hack et al. (1993), who estimated freeCO2 (2010) observations using prescribed fluxes from the
troposphere diffusivity from local stability as a function of Comprehensive Observation Network for Trace gases by
the Richardson number. Below the top of the PBL, the turbu-AlrLiner (CONTRAIL) Transport Model Intercomparison
lent diffusivity is set to a constant value of 4Gsnt, under  (TMI) (Niwa et al., 2011), as follows:

the assumption that the boundary layer is well mixed.

Following Grell (1993), to simulate deep convection we 1. Fossil fuel emissions are derived from the EDGAR-
used a Kuo-type penetrative cloud convection schemeinclud- 1998 distribution (Olivier and Berdowski, 2001) and the
ing entrainment and detrainment processes on convective up- ~ emission totals are scaled using the growth rate of the
drafts and downdrafts, as proposed by Tiedtke (1989). We  top 20 country-specific fossil fuel consumptions, as ob-
calculated cumulus mass-flux from the detailed distribution ~ tained from the Carbon Dioxide Information Analysis
of convection precipitation, using the method developed by ~ Center (CDIAC) (Boden et al., 2009).

Austin and Houze (1973), as first adopted by Feichter and ) ) ) )

Crutzen (1990). This approach is based on the fact that the 2+ The climatological inversion flux represents all non-
amount of lifting air in an updraft core of a cumulus cell is fossil source/sink distributions over land and ocean, de-
related to precipitation, which it produces, and that the tem-  fved by inverse modelling with 12 TransCom3 mod-
perature excess and entrainment are reflected in its vertical €IS (Gurney et al,, 2004) and from observational data
development. Given the amount of the convective precipita- ~ °Ptained from GLOBALVIEW-CO2 at 87 sites during
tion rate provided by the JRA-25/JCDAS dataset, the mass of ~ 1999-2001 (Miyazaki et al., 2008).

air transported upward within the cells was computed from

the conservation of moisture. 3 Results

2.5 Model setup The current model version has been used in several tracer
) ] _ transport studies and was evaluated through participation in
In this paper, the performance of the new CTM in various yransport model intercomparisons (Niwa et al., 2011; Patra et
configurations is investigated by running a series of experi-y|  2011). The model results of tracer transport simulations
ments to study atmospheric tracer transport and the model'spqy good consistency with observations and other models
ability to reproduce the column-averaged dry air mole frac-iy the near-surface layer and in the free troposphere. How-

tions _Of atmospherip Coand Chy. The model was run at  eyer, the model performance in the UTLS region has not been
a horizontal resolution of 2?5« 2.5° and 32 vertical levels o\ 5juated in detail.

from the surface to 3 hPa, using three tracersy My, and
sulfur hexafluoride (S§). 3.1 Validation of the mean age of air in the stratosphere
Forward model simulations were performed forgSthd
CHg4 for 22 years (January 1988 to February 2011) usingThe mean age of air is purely a transport diagnostic. Mod-
the simulation setup, initial distribution, fluxes, sinks, and ellers are ultimately interested in accurately simulating the
chemical reactions (for CH described in the Protocol for distribution of trace gases that are affected by both trans-
TransCom-CH inter-comparison (Patra et al., 2011). For the port and photochemistry (Waugh and Hall, 2002). The ac-
CH,4 simulation, an inverse model-adjusted flux was used,curate determination of the chemical constituents that are
obtained by optimising the surface fluxes of £tsing the  transported across the tropopause, which are strongly af-
LMDZ model for the period 1988—-2005 (Bousquet et al., fected by synoptic-scale events and other small-scale mix-
2006). For the 2006—2011 fluxes, the average seasonal cyclag processes, is a major challenge for modern CTMs (Hall
was repeated. For the §Bimulation for the period 1988— et al., 1999). In the stratosphere, the vertical transport of
2005, the annual mean §Emission distributions at°1x 1° substances is very weak due to the almost adiabatic condi-
were taken from the Emission Database for Global Atmo-tions. However, many models are unable to reproduce suffi-
spheric Research (EDGAR, version 4.8jtp://edgar.jrc.ec.  ciently weak transport, especially in the tropical lower strato-
europa.e) and the global totals were scaled by Levin et sphere, because the model grid does not reflect the underly-
al. (2010). The 2005 distribution was used from 2006 on-ing constraint that the flow is almost isentropic, making the
wards (Patra et al., 2011). model transport vulnerable to numerical errors (Mahowald et
The simulation was started on 1 January 1988 using thal., 2002). Generally, models tend to have ages of air in the
initial 3D tracer distributions. This was prepared follow- stratosphere that are too young and tend to propagate the sig-
ing a 10-year spin-up simulation by the Atmospheric Gen-nal upward from the troposphere into the lower stratosphere
eral Circulation Model (AGCM)-based chemistry transport too quickly, especially in the tropics (Hall et al., 1999; Park
model with CH, and Sk concentrations at the South Pole of etal., 1999). By implementing a hybrid sigma-isentropic ver-
1655 ppb and 1.95 ppt, respectively (Patra et al., 2011). tical coordinate, the observed age of air is more accurately
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of linear variation, CQ and Sk are the most reliable com- 19 1
pounds with which to derive the mean age, because they are 17 1
very long-lived species and their annual mean concentrations 15 e e e ey
have been increasing approximately linearly (Conway et al., ot 2 3 4 5 6 7 8 9
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1994; Maiss et al., 1996). In spite of uncertainties due to non-

Ilnearlty in tropospheric growth rates and the neglept of pho'Fig. 2. Comparison of observed and modelled (red lines) mean age
tochemical processes (Waugh and Hall, 2002), estimates pegs air at latitudes of(a) 5° S, (b) 40° N, and(c) 65° N. The lines
formed with CQ, SFs, and other tracers show rather good with symbols represent observations: in situsBark blue line
agreement. with triangles) (Elkins et al., 1996; Ray et al., 1999), whole air sam-
In this paper, Sk is simulated to derive the mean age of ples of Sk (purple line with squares fofb) panel, light blue line
the air in the upper troposphere and in the lower stratospherevith squares outside vortex and orange line with asterisks inside
The model was run for 22 years before the simulation resultyortex(c) panel) (Harnisch et al., 1999), and mean age from in situ
were analysed, because the age of stratospheric air was ufO2 (green line with diamonds) (Boering et al., 1996; Andrews et
changed for the last 30 years (Engel et al., 2009). al., 2001).
Figure 1 shows the annual mean of the zonal-mean age of
air obtained with NIES TM at an altitude of 20 km, together
with the mean age values derived from £énd Sk ER-2
aircraft observations (Andrews et al., 2001). Both the modelout the stratosphere, with only weak vertical gradients above
and observation estimations of the mean age indicate valuea5 km (Fig. 2). The model slightly overestimated the age of
of approximately 1 year near the equator, large gradients irair in the tropics (Fig. 2a) and underestimated it at middle and
the subtropics, and values of around 4-5 years at high latihigh latitudes (Fig. 2b, ¢). The spikes in high-latitude profiles
tudes. (Fig. 2c) are due to the sampling of fragments of polar vortex
The vertical profiles of mean age derived from in situ mea-air. Despite this, the general shape of the isopleths in Fig. 3
surements of C@and Sk show that at all latitudes, the mean is realistic and illustrates the balance of the meridional mass
age of the air increased monotonically with height through- (Brewer—Dobson) circulation, which tends to increase latitu-

Atmos. Chem. Phys., 13, 1713732 2013 www.atmos-chem-phys.net/13/1713/2013/



D. A. Belikov et al.: Simulations of column-averaged CQ and CHg4 1719

inert tracer (in the troposphere and stratosphere), indicating
that transport alone is responsible for the variation in its pro-
file. The discrepancy between the observed and simulated
vertical profiles is consistent with the underestimation of the
age of air above 40 hPa in temperate and high-latitude zones,
as discussed above.

In contrast, the Chi profile was found to have a strong
negative bias 5%) between 100 and 20hPa (Fig. 4b),
which disappeared with height. It would appear that a change
in the CH;y loss rate due to chemical reactions leads to less
excessive destruction of methane and better agreement with
observations above 20 hPa.g3& not involved in any chemi-
cal reactions to compensate for the extra vertical transport in
the UTLS region.

The simulated C@vertical profile (Fig. 4c) overestimated
Fig. 3. Cross-Sections of the annual mean age of air (years) fromth€ observed profile by 0.5% below 90 hPa and underesti-
NIES TM simulations of SEwith JRA-25/JCDAS reanalysis. mated it by 0.5 % above 90 hPa. The individual profiles used

to derive the average profile were obtained at the beginning
and end of the vegetation season; consequently, the modelled
dinal slopes, and isentropic mixing, which tends to decreasé Oz profile shows a seasonal variation at the 140-100 hPa
the slopes (Plumb and Ko, 1992). level. The large error bars become smaller with height, en-
abling an estimate of the seasonal variation of approximately
3.2 Validation of CO,, CHy, and SF; vertical profiles in 1-2ppmv at 140 hPa. The spread of data in the profiles at
the stratosphere about 1.5 ppmv at all levels is common for measure¢ CO
Thus, the simulated vertical profiles of @ldnd Sk are
To evaluate the model’s ability to reproduce stratosphericgenerally within~5% of the observed VMRs, while GO
transport, the simulated vertical profiles of &@H,, and  profiles are within 1 %. Given that the stratosphere only rep-
Sk were analysed and compared against balloon-borne okresents 15 %—-20 % of the mid-latitude atmospheric column
servation data (Fig. 4). The observed VMRs were derivedmass, these results are sufficient for this study. It is noted that
from six individual profiles of balloon-borne measurementsthe simulated C@profiles have a smoother shape and show
performed by Takakiyo Nakazawa and Shuhji Aoki (To- a better consistency with the observations, as the simulation
hoku University) for Sanriku, Japan (39°1¥, 141.83 E) was run for 9 years less than that for £&hd Sk. This result
for 28 August 2000, 30 May 2001, 4 September 2002, 6indicates the ability of the model to reproduce vertical pro-
September 2004, 3 June 2006, and 4 June 2007, followfiles of the tracers in the lower stratosphere more accurately
ing the procedures described by Nakazawa et al. (2002)or a relatively short-term period (about 10 years) than for a
The vertical profiles were determined by averaging the mod{ong-term period (about 20 years). This result reflects the fact
elled and observed concentrations taken for the same day artat the model tends to overestimate tracer concentrations in
time. The error bars show the standard deviation. To calcuthe uppermost part of the domain, due to sparse grid layers
late the mean profiles, we subtracted the annual growth raten the lower stratosphere.
of 0.23 pptvyr? (Stiller et al., 2008) for S§and variable
growth rates derived by Conway and Tans (2011) fop @D 3.3 Validation of CO,, CHg4, and Sk concentrations in
the period 2001-2007. No correction is applied to the,CH the free troposphere
concentration, because a slowdown in the;Qhtrease was
observed in the stratosphere for the period 1978-2003 (RohEhe ability of the NIES TM to simulate SFand CQ in the
etal., 2006). near-surface layer and in the free troposphere was validated

In general, the NIES TM is able to capture the shape ofby Belikov et al. (2011) and Niwa at al. (2011). The inter-
a tracer’s vertical profile in the stratosphere. These profileshemispheric gradients of gFand CQ, and vertical pro-
consist of several parts with different properties, such as: (1files and seasonal variations of g@ere evaluated against
weak gradients up to 70 hPa; (2) a large decrease of VMRs ahe GLOBALVIEW-CO2 and World Data Centre for Green-
heights between 70 and 50 hPa; (3) almost constant conceirouse Gases (WDCGG) observations, and against an aircraft
trations from 50 to 30 hPa, and (4) significant (especially formeasurement dataset of CONTRAIL (Niwa at al., 2011). Al-
CHgy) gradients from 30 hPa upwards (Fig. 4). though the NIES TM’s performance in terms of transport,

The modelled profile of Sfis consistent with the ob- emission distribution and chemical loss, inter-hemispheric
served profile up to 50 hPa and has a relatively large %) gradient, seasonal cycle, and synoptic variations in @ere
positive bias above this level (Fig. 4a). &S a chemically  also quantified as part of the TransCom-4Cekperiment

Height, km

-90 -60 -30 0 30 60 90
Latitude, deg
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Fig. 4. Comparison of observed and modelled concentration averaged for the period 200@a286g:(b) CH,, and(c) CO». The observed
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Fig. 5. Detrended seasonal cycle of surface Okblume mixing ratio for GLOBALVIEW stations (corresponding TCCON stations in
parentheses)a) Baltik See (Bialystok)(b) Ocean Station M (Bremenij¢) Darwin (Darwin);(d) Hohenpeissenberg (Garmisc®) I1zafia
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the names of nearby TCCON stations with surface GV-CH4

Baltik See “;
Ocean Station M i station data. Fig. 5 shows time series of thesGig¢asonal
- Darwin = cycle for 1990-2008, which was manually adjusted by the
Fohenpeissenbers T annual mean concentration at the South Pole.
Southern Great Plains I The simulations indicate that the model underestimated
Baring Head I the near-surface seasonal cycle at northern high-latitudes.
PallaS_SamPr::afl’ttr':f:: = The model bias for Alert was 13.0 ppb versus 8.4 and 6.5 ppb
Park Falls T for Mauna Loa and Syowa, respectively. A similar feature
Ryori I was observed for the trend of GHor which the model bias
Cape ilr;f:“t » decreased from the North Pole (0.5 ppbY)rto the South
Mauna Loa T Pole (0.1 ppbyr?) (Fig. 6).
Syowa | It Southern Australia and New Zealand are relatively iso-

45 1 05 0 o5 1 15 2 28 lated from large-scale CHemission sources, and as a result
there was some consistency between the modelled and mea-
sured valuesr(= 0.87-0.9 for Baring Head and Cape Grim)
Fig. 6. Average difference between simulated and observed trendd capturing the small variability (amplitude of 30 ppb).
(ppbyr1) of CH, for Jan 1990 and Dec 2009 at GLOBALVIEW As Darwin is located relatively close to the Asian tropics
stations. (Malaysia and Indonesia), which is marked by very high
variations in CH emissions and complicated meteorological
conditions, the model was not able to reproduce the seasonal

Difference in trend (ppb yr 1)

Ocean 2:;::2:7\'; . ; cycle as well at this site, compared with other sites.
Darwin | The results for North America, whilst including a range of

emission sources, indicated a similar agreement in the phase
for Park Falls and Southern Great Plains (Lamont)-(0.7)
and performed poorly in reproducing the growth rate, as

Hohenpeissenberg
Izafia
Southern Great Plains

]
[
|
|
1 |
|
[
]

Baring Head | the model underestimated the trends for both sites (Fig. 6).
Pa”aS_SamPr:alDt‘:”':fl'jdr; 1 ’ Mixed results were also found for the European sites: good
park Falls | agreement with observations was found for Pic Du Midi (Or-
Ryori | f V ‘ leans) and Ocean Station M (Bremen), but poor agreement
Cape Grim | ; { 1 1 for Hohenpiessenberg (Garmisch) and Pallas-Sammaltunturi
Alert | - l 1 — (Sodanky&). However, _the worst agreement in the growth
MaunaLoa | [ l 1 I rate was found for Ryori (Tsukuba), where the model system-
Syowa P — atically underestimated the seasonal variations of the tracer.
0 0.2 0.4 0.6 0.8 1 We found very different model performance at remote
Correlation coefficient sites such as Ocean Station M (Bremen)jizaCape Grim

(Wollongong), Baring Head (Lauder), Alert, Mauna Loa, and
Fig. 7. Correlation coefficients between simulated and observedSyowa, where the model was generally able to accurately
CHa at GLOBALVIEW stations. reproduce the phase of variations in surface concentrations

(correlation coefficients of 0.85-0.95). For other sites (Park

Falls, Pallas-Sammaltunturi (Sodankyl Ryori (Tsukuba),
(Patra et al., 2011), this section focuses on near-surface seand Southern Great Plains (Lamont)), however, where mul-

sonal variations and vertical profiles of methane. tiple emission sources are located close by and where local
meteorology plays a major role, the model encountered diffi-

3.3.1 Validation of near-surface CH, concentrations culties in reproducing the complicated gBurface concen-
trations.

Given that one of the aims of this paper is to validate the

modelled column-averaged concentration against ground3.3.2 Validation of CHy vertical profiles in

based FTS TCCON observations, we examined the vari- the troposphere

ability of CH4 concentrations at TCCON sites. We selected ) o )

GLOBALVIEW-CH4 (GV-CH4) sites located near to TC- To examine the variability of Clin the near_-surface layer
CON stations and the following three sites additionally: Alert 2"d in the free troposphere, the VMRs simulated by the
(82.4% N, 62.52 W), Mauna Loa (19.53N, 155.58 W), model were compqred aga|n§t aircraft observations per-
and Syowa (69.00S, 39.58 E) (Table 2). Time-series plots formed by T. Machida (NIES) in 1993-2007 over Surgut,
of the modelled near-surface Gldoncentrations were com- YVest Siberia. This location is marked by high £émissions

pared with in situ observation data. For simplicity, we refer to ffom wetlands.
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Fig. 8. Comparison of observed and modeled 3idncentrations averaged for the period 1993—-2007 over Surgut, West Siberia. The vertical
profiles were produced by averaging the modelled and observed concentrations taken on the same day and at the same time. Error bars shc
the standard deviation.

It is challenging to perform simulations of GHn the  due to changes in the PBL height, which determined the vol-
northern high-latitude regions because of large uncertaintiesime of air absorbing all emitted tracers and the local meteo-
in emissions due to under-sampling of £Ebncentrations rology. The greatest amount of variability was found in July
over most regions, particularly where melting permafrost re-and August (Fig. 8), reflecting variations in the PBL height
leases CH (Zhuang et al., 2009). Despite this problem, the during the daytime and high emissions from wetlands.
modelled and measured values are in good agreement above The averaged trends derived from the biases for the levels
1km (Fig. 8). The model is less effective in reproducing theat 1, 3, and 7 km show similar values in all cases, in the range
high variability in CH; concentrations in the near-surface about 40 ppb depending on the season (Fig. 9). This result
layer and could not accurately simulate short-term variationsindicates balanced transport from the surface layer to the free
The VMR at the 1-km level and below was highly variable
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67.37 N, 26.63 E); Tsukuba (Japan, 36.98, 140.12 E);

and Wollongong (Australia, 34.45, 150.88E). For the
Lauder site we used data from the 125HR spectrometer when
available (February 2010—present) and data from the older
120HR spectrometer prior to February 2010.

To compare the modelled total column with measurements
directly, it is necessary to consider the measurement aver-
aging kernels. Averaging kernels describe the sensitivity of
the retrieved total column to a perturbation in absorber abun-
dance in a given layer of the vertical profile (Rodgers and
Connor, 2003; Wunch et al., 2011). At present TCCON pro-

Fig. 9. Time series of model bias (modelled gkoncentration mi- vides a single Set, of averaging ke_mels for{amd Ch, tab-

nus observed) and the averaged (moving average with period 12}l2ted as a function of solar zenith angle (SZA), based on a

value of the bias for the 1, 3, and 7 km levels over Surgut (61\25 ~ Subset of retrievals from the Lamont sitettp://tccon.ipac.

73.43 E) for the period 1993—-2007. caltech.edu/tccaaux pub.htm). Site-specific a priori pro-
files used in TCCON Coretrievals were provided by each
site PI. A single CH a priori (independent of location and

troposphere due to the implementation of the JR-25/JCDASiIme) has been used in TCCON retrievals at all sites other
meteorological data provided on the sigma-pressure levels. than Darwin and Sodankyla. At these sites site-specific and
The correlation coefficients between simulated and ob-ime-independent Cidprofiles are provided. The tabulated
served CH values show an increase towards the free tro-averaging kernels were interpolated to the SZA of the mea-
posphere, from 0.19 for the 1-km level to 0.53 for the 7- surements and applied in the calculation of the,@DCH,
km level, because vertical propagation decreases with heightertical column in accordance with Eq. (15) of Connor et
While other factors are involved, changes in PBL height andal. (2008). The tracer vertical column abundances were then
associated variation in the rates of tracer redistribution fromdivided by the dry-air column abundance to calculate the
local sources to the free troposphere are important drivergolumn-averaged dry air mole fractions, denoted Xy or DMF
of high variability in CH; VMR at GV-CH4 sites with high  hereafter.
emissions. Similar trends were obtained by Houweling et Due to the SZA dependence of the TCCON averaging

al. (2010) for four different transport models used to simu-kernels, the difference between total column concentrations
late XCGp. calculated with and without averaging kernels is greatest

for sites located farthest from the equator, Bialystok, Bre-
3.4 Validation of CO, and CH4 column-averaged DMFs ~ men and Sodankgl which yield values in the range —0.6
to 2.0 ppm and —20 to 20 ppb for XG@nd XCH;, respec-

The main goal of this paper was to validate the model’s abil-tively; the difference is smallest for the tropical and subtrop-
ity to reproduce the C®and CH, column-averaged dry-air ical sites Darwin and IZga, with values of —0.4 to 0.4 ppm
mole fractions using observations from TCCON sites, whichand —5.0 to 5.0 ppb, respectively.
is a global network of ground-based high-resolution FTS Time series of the model results and FTS data for XCO
recording direct solar spectra in the near-infrared spectral reand XCH, are shown in Figures 10 and 12, respectively.
gion (Wunch et al., 2011). The overall objectives of TCCON These figures were produced by manually adjusting the
include improving our understanding of the carbon cycle andXCO; and XCH, model offsets (2.2 ppm and —32.0 ppb, re-
validating XCQ and XCH, retrieved from satellite observa- spectively). The offsets were caused by the use of slightly
tions. out-dated fluxes for the simulations, the implementation of

For comparison, we selected simulated and TCCONan averaging kernel, and misfit in the modelled vertical pro-
XCO, and XCH; taken at around 13:081h local time files. Thus, a XCH offset may also be induced due to high
over TCCON sites for the period January 2009 to Jan-uncertainty of OH and other species, which are responsible
uary 2011. Samples within this time-frame were col- for CHy destruction in the atmosphere.
lected for analysis, to assess the model's performance Matching the model's mean GHwith the observations is
within the GOSAT overpass interval. The following TC- achieved by adjusting either global total emissions or sinks,
CON sites were selected: Bialystok (Poland, 53122  which both have large uncertainties (10-20 %, Patra et al,
23.13 E); Bremen (Germany, 53.10l, 8.85 E); Dar- 2011). Small residual offsets can be adjusted by tuning global
win (Australia, 12.42S, 130.89E); Garmisch (Germany, emissions, but long-term simulations are required to reach
47.48 N, 11.06 E); Izaha (Spain, 28.30N, 16.50 W); equilibration between sources and sinks. Adding a small
Lamont (USA, 36.6N, 97.49 W); Lauder (New Zealand, 30 ppb offset to simulated results is nearly equivalent to the
45.04 S, 169.68E); Orleans (France, 47.9W, 2.1T E); corresponding proportional change in the emissions fields on
Park Falls (USA, 45.95N, 90.27 W); Sodankya (Finland,

e 1km ¢ 3km a 7km
—Avg. (1km) Avg. (3km) Avg. (7km)
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Table 2. Locations of TCCON and GLOBALVIEW stations used in the comparisons.

No. TCCON stations GLOBALVIEW stations
Station name Lat. Lon. Station name Lat. Lon. Alt, m

1 Bialystok 53.22N 23.13 E Baltik See 55.35N 17.22 E 28
2 Bremen 53.10N 8.8 E Ocean Station M 66.00N 2.00CE 5
3 Darwin 12.42S 130.89E Darwin 12.42S 130.57E 3
4 Garmisch 47.48N 11.06 E Hohenpeissenberg 478K 11.0rE 990
5 Izaha 28.30N 16.50W lIzaha 28.32N 16.50 W 2360
6 Lamont 36.6IN 97.49W Southern Great Plains 368N 97.50 W 374
7 Lauder 45.04S 169.68E Baring Head 41.4£1S 174.87E 80
8 Orleans 47.97N 2.11°E Pic Du Midi 42.93N 0.1 E 2877
9 Park Falls 45.95N  90.27W Park Falls 45.95N 90.27 W 483
10  Sodanky 67.37N 26.63 E Pallas-Sammaltunturi  67.9W 2412 E 560
11 Tsukuba 36.05N 140.12E Ryori BAPMon 39.08N 141.83E 260
12 Wollongong 34.41S 150.88E Cape Grim 40.68S 144.69E 164
13 Alert 82.45 N 29748 E 110
14 Mauna Loa 19.54N  155.58 W 3397
15 Syowa 69.00S 39.58E 14

Table 3. Correlation coefficients and biases of the modelled X@@d XCH,;.

No. Station name XCO, XCHa
Correlation Bias, ppm  Correlation Bias, ppb
1 Bialystok (Poland, 53.2N, 23.13 E) 0.93 0.61 0.74 4.52
2 Bremen (Germany, 53.20, 8.85 E) 0.88 0.19 0.72 1.27
3 Darwin (Australia, 12.42S, 130.89 E) 0.90 —0.62 0.55 —2.41
4 Garmisch (Germany, 47.48(, 11.06 E) 0.93 0.76 0.44 0.98
5 Izafa (Spain, 28.30N, 16.50 W) 0.87 —0.53 0.53 9.05
6 Lamont (USA, 36.61N, 97.49 W) 0.91 —0.44 0.62 -1.13
7 Lauder (New Zealand, 45.08, 169.68 E) 0.90 0.22 0.58 —-1.20
8 Orleans (France, 47.9W, 2.1T E), 0.96 0.17 0.59 —8.80
9 ParkFalls (USA, 45.95N, 90.27 W) 0.95 —0.28 0.51 —2.30
10 Sodanky (Finland, 67.37N, 26.63 E) 0.94 1.21 0.40 20.91
11 Tsukuba (Japan, 36.98, 140.12 E) 0.85 —-0.24 0.53 3.80
12 Wollongong (Australia, 34.41S, 150.88 E) 0.80 0.32 0.66 -8.19
All stations 0.90 —0.62¢-0.16%) 0.54 ~8.80 €0.49%)

1.21 (0.31 %) 20.91 (1.16 %)

the order of 2%. For Cg) the corresponding bias correction Darwin, Lauder, and Wollongong) was weak (Fig. 10a, g, h)
is about 0.5 %. due to the smaller contribution of the local emissions; con-

For TCCON, the observation symbols and error bars repsequently, the model’s ability to reproduce the variation gen-
resent the mean and standard deviations of the weighted aerally depends on reproducing of large-scale transport. The
erage if more than one measurement within the 13:0th correlation coefficients for these sites are very similar (0.55,
local time was available. Note that gaps in the TCCON data0.58, and 0.66, respectively; Table 3).

time-series are due to cloud and instrumental issues. In contrast, model performance at the Northern sites
strongly depends on powerful local sources. The best cor-
3.4.1 Modelled XCH; compared with TCCON relation coefficients (in the range of 0.62-0.74) are obtained

for Lamont, Bremen and Bialystok, where seasonal varia-
tion in XCHjy has the highest amplitude. European sites show
slightly large biases of 4.52;8.80, and 20.91 for Bialystok,

Reproducmg the Chiseasonal var!atlon was a.blg challenge, Orleans and Sodankyl respectively. For Orleans, the corre-
because of its rather small amplitude and high scatter rela;_,. ~ .
. : . lation is rather weak (0.59, Table 3), whereas for the corre-
tive to the mean climatological value. As expected, the sea- . . . L

L . : sponding GLOBALVIEW station of Pic Du Midi it is rather
sonal variation in XCH over the Southern Hemisphere (i.e.,

FTS observations
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Fig. 10.Time series of XClg measured by FTS and modelled by NIES TM for the period January 2009 to February 2011, for the following
stationsya) Bialystok (Poland, 53.22N, 23.13 E); (b) Bremen (Germany, 53.20, 8.85 E); (c) Darwin (Australia, 12.42S, 130.89 E);

(d) Garmisch (Germany, 47.481, 11.06 E); (e) Izafia (Spain, 28.30N, 16.5C W); (f) Lamont (USA, 36.6 N, 97.49 W); (g) Lauder (New
Zealand, 45.04S, 169.68 E); (h) Orleans (France, 47.9N, 2.1 (e); (i) Park Falls (USA, 45.95N, 90.27 W); (j) Sodankya (Finland,

67.37 N, 26.63 E); (k) Tsukuba (Japan, 36.05!, 140.12 E); and(l) Wollongong (Australia, 34.#41S, 150.88 E). The “error” for each
symbol is a combination of the spread due to weighted averaging within the 23:B00cal time interval and observation error.

strong & 0.85, Fig. 7). This is due to the fact that Pic Du the polar vortex is also limited due horizontal grid resolu-
Midi is a high altitude site (free troposphere) and Orleans ation and a horizontal flux correction method implemented to
lowland site affected by near-surface small scale processesNIES TM (Belikov et al., 2011). “Noise” appearing through
For Sodanky, the comparison with the FTS data shows athe horizontal mass flux correction method may affect the
relatively large biasi{ = 20.91 ppb) and low correlation co- vertical component of the wind vector and cause erroneously
efficient ¢ = 0.40), with larger mismatch in April. The bias enhanced mixing and mass transport from the bottom of the
may be caused by a overestimation of modelled,@tdide =~ atmosphere to the top (Belikov et. al., 2011). In addition,
the polar vortex. Inside the vortex, the descent is much fasteNIES TM underestimates the age of air at high latitudes
than in the zonal average and the stratospheric air with low(Fig. 3c).
concentrations of Clddrops to the troposphere. The ability ~ For Wollongong, the simulated results strongly underes-
of NIES TM to reproduce the observations in the vicinity of timated the measurements (biad1.05 ppb), as the FTS’
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1840 — ; in the stratosphere. Six transport models (ACTM, LMDZ4,
,t,"/ NICAM, PCTM, and TM5), including the previous version
T y of NIES TM (Belikov et al., 2011), participated in this study,
i & %’o I but this is considered unlikely to seriously distort the re-
1800 T o o.e :’aé, sults. The GECM seasonal cycle was nudged towards a sea-
80 ®e” 3 sonal cycle of the extended GQ@ecord (GLOBALVIEW-
£ o7 O; -l CO2, 2010) by filtering out the inter-annual anomalies and
;3 - . | © Bialystok the synoptic-scale variability in the extended £f@cords
g T - | using a curve-fitting procedure (Masarie and Tans, 1995).
% P ® Garmisch The modelled XCQ@ and GECM XCQ time series show
2 o O jgf“uﬁﬂ s strong correlations with the TCCON data (correlation coeffi-
796, o o' salth . (L)atlider cients of 0.8—-0.9; Table 3), as the seasonal X@8&iation is
AT e e stronger than the XClicycle. Because of the use of actual
ot © Sodankyla meteorology and more up-to-date fluxes, the NIES TM de-
oo scribed the seasonal variations slightly better for Bialystok,
1680 d— + + i Bremen, Darwin, Lamont, Lauder, and Wollongong. More-

1760 1800 1840 over, for all sites except Park Falls, Tsukuba, and Wollon-
gong, the model bias was less than the bias for GECM. At
other sites, comparisons of the model versus FTS and GECM
versus FTS produced almost identical results.

The model shows quite good results in reproducing differ-
ent seasonal cycles for all considered sites, including very
steep decrease of XGOat Sodankyd during the grow-
seasonal cycle amplitude was twice (Fig. 10l) the modeling season and almost flat profiles at sites in the Southern
value and twice that for other TCCON sites in the SOUthel’nHemisphere_ Figure 13 shows a scatter diagram of model
Hemisphere. The reasons for this result remain unclear, alxCO, data versus ground-based FTS X£data. The mini-
though it may be relevant that Wollongong is located nearmum and maximum differences in the model data compared
major urban centers and sites of industrial activity, wherewith the FTS data are —0.62 ppm (-0.16 %) and 1.21 ppm
emissions from coal mining are the largest source abovg0.31 %), respectively.
background (Fraser et al., 2011). For XCO; there are several events with only one FTS mea-

The Izdia TCCON station is an oceanic site located on asurement taken at approximately 13:00 h local time. Gen-
small island and at high altitude-@ km). The model's grid  erally, the standard error in such cases is quite large espe-
is too rough to reproduce local emission and loss, or capturgially for Lamont and Tsukuba (Fig. 12f, k).
the topography. The model is not able to reproduce small-
scale variations in concentration, and this results in a weak
correlation (0.53) and large bias (9.05 ppb). 4 Discussion

In general, the minimum and maximum bias between the
two datasets is —8.80 ppb (-0.49 %) and 20.91 ppb (1.16 %)The model was able to reproduce the seasonal and inter-
respectively. Figure 11 shows a scatter diagram of modehnnual variability of XCQ and XCH, with correlation co-
XCHy data versus ground-based FTS X{tata for 12 sites.  efficients of 0.8—-0.9 and 0.4-0.7, respectively. A small cor-
The majority of points are within an interval at1% of  relation was obtained for methane, due to the weak seasonal
XCHg. cycle of CH, and a high scatter of XCHobtained from the
ground FTS data within the selected interval (13t00h lo-
cal time). The modelled time-series have quite small biases
for all sites excluding Sodanky) where model shows a large
bias both for XCQ and XCH,, 1.21 ppm and 20.91 ppb, re-
We compared XC@ time-series with TCCON and con- spectively. Moreover, GECM results also show a large bias
structed a 3-D C@climatology GECM (Gap-filled and En-  (1.22 ppm) for this site. Without Sodani&g data, the model
semble Climatology Mean) (Saito et al., 2011) (Fig. 12). Thebias is+0.2 % and+0.5% for XCQ and XCH;, respec-
seasonally varying climatology in GECM was estimated by tively.
taking an ensemble of the various transport models in com- Model overestimation of C@and CH; in the troposphere
bination with the interpolated bias correction, using a dataover Sodanky during spring 2010 likely to be caused by
product based on in situ measurements in the troposphererrors in reproducing the polar vortex and requires further
(GLOBALVIEW-CO2, 2010) and the monthly vertical and improvements in model parameterizations. Comparison with
latitudinal distribution of the ACTM-derived mean age of air the other model simulations suggests the issue is not unique

FTS XCH,, ppm

Fig. 11. Scatter diagram of modelled and FTS Xgldt all FTS
sites. Dotted lines show a standard deviatioa-tf% of XCHjy.

3.4.2 Modelled XCQ, compared with TCCON FTS
observations and GECM
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D. A. Belikov et al.: Simulations of column-averaged CQ and CHg4 1727

400 400 400

a) Bialystok (53.22°N, 23.13°E) b) Bremen (53.10°N, 8.85°E) c) Darwin (12.42°S, 130.89°E)
396 396 3 396
. 392 . 392 .2 @ & ] 392
B T
5 388 s 388 4 Zn_ ﬁ g o 5 388 i W
g 384 J' 384 s m s & 384
o Qo b o
x x ¢ x
380 380 380
r =093 r =090
376 11 oFTS mGECM A Model b=0.61 376 376 T oFTs mGECM & Model b=-0.62
/7 J S S S T S S S RS S S 372 /7 J ST " S SR S " .
PO LD P DD OO SO L® SO S P @@ox &@@@@@Qoo&o\p,@x
@ N OR ROICQEN I RO R S o @7" ®$\ \\> RO & ¥ ¢ EQU RO
400 400 400
d) Garmisch (47.48°N, 11.06°E) e) Izafia (28.3°N, 16.5°W) f) Lamont ( 36.61°N, 97.49°W)
396 s 396 396
392 392 - 392
§ 38 § 38 f—mﬂ—@ﬁwﬂ § 38 Ly
& 384 : & 330 B 2R J' 384
= N 5 =
380 380 380
r =093 r=087
376 T1 oFTS BGECM 4 Model b=0.76 376 11 o FTs BGECM a Model b=-053 376 1
372::::::::..::372.::::.::::.372.::::::::...
LIPS ‘° DD N LIPS DN DD LELE LD LN D>
9 @ O W Y W Y @ Y S R A R &* > sz" &
400 400 400
g) Lauder (45.04°S, 169.68°E) h) Orleans (47.97°N, 2.11°E) i) Park Falls (45.95°N, 90.27°W)
396 396 396 I
392 392 392 3
]
£ 38 £ 388 £ 388
o o * o
g 384 £ o' 384 § g 384
380 380 380
r =0.90 r =096 r=095
376 T oFTs mGECM aModel b=0.22 376 T oFTS mGECM a Model b=0.17 376 T FTS mGECM a Model
372::::::::':::372::::::::::: 372::::::::""
SO PP PP S PSS S D SISO SO S S S S & SO LE OO I
W« @% @fo* N & $o « @%‘ @’b* N K éo o & @b ‘go* N & éo « @7" @"‘* N (_,e,‘? éo o & V@ \\@* ¥ O & @75‘ &S N =y éo o
400 400 400
j) Sodankylé (67.37°N, 26.63°E) k) Tsukuba (36.05°N, 140.12°E) 1) Wollongong (34.41°S, 150.88°E)
396 396 396
392 1 392 392
£ 388 o £ 383 Bogl £ 38 >
- kY a W a i
J 384 d 384 J 384
o Q o
g £ = ®
380 380 ; 380
376 | r=094 376 r=085 376 | r =0.80
*FTS EGECM A Model b=121 *FTS EGECM 4 Model b=-0.24 *FTS EGECM A Model b=032
372 t I t t t t t t t t t 1 372 t I t t t t t t t t t 372 t t t t t t t t t t t
By SO PP DS S N R IR IR S S SO S S S ot
& @’b @b* \\} RO S & e @ o @’b‘ ‘ga‘\ \\" RO @7’* N & RS @’b* ¥ ¢ @'8\ A RO

Fig. 12. Time series of XC@ measured by FTS, modelled by NIES TM and derived from a 3-B Cidnatology GECM for the period
January 2009 to February 2011, for the following statiqa$Bialystok (Poland, 53.22N, 23.13 E); (b) Bremen (Germany, 53.20N,

8.85° E); (c) Darwin (Australia, 12.42S, 130.89 E); (d) Garmisch (Germany, 47.48\, 11.06 E); (e) Izaha (Spain, 28.30N, 16.5C W);

(f) Lamont (USA, 36.8N, 97.49 W); (g) Lauder (New Zealand, 45.08, 169.68 E); (h) Orleans (France, 47.9W, 2.11° E); (i) Park Falls

(USA, 45.95 N, 90.27 W); (j) Sodankya (Finland, 67.37N, 26.63 E); (k) Tsukuba (Japan, 36.05\, 140.12 E); and(l) Wollongong
(Australia, 34.41 S, 150.88 E). The “error” for each symbol is a combination of the spread due to weighted averaging within the 13:00
+1 h local time interval and observation error.

for NIES TM and difficult to attribute just to the use of av- face pressure, and shows minor spatial and temporal varia-
erage descent/cooling rates to calculate vertical transport itions. As a result, the total column represents the model per-
the stratosphere, as for example the online ACTM modelformance on a global scale. The Xg@nd especially the
with frequent update of the radiative transport has also beelXCH,4 scatter diagrams (Figs. 13 and 11, respectively) show
shown to possess large biases between the observed abdlanced redistributions of tracer concentrations from the
modeled XCH (Saito at al., 2012). Northern Hemisphere, with high emissions to the Southern
The tracer column-averaged dry-air mole fraction is a sen-Hemisphere reproduced by the model. Moreover, the Darwin
sitive indicator of overall model performance, because it issite shows vertical redistribution due to powerful tracer out-
relatively unaffected by changes in vertical transport and surflow from the PBL into the troposphere and the stratosphere,
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398 - was able to reproduce the variations in the surface concentra-
g tions more accurately (= 0.6-0.8) at sites located some dis-
tance away from multiple emission sources. For other sites,
394 4 — where high emissions and local meteorology play a major
.. " ‘,' role, it proved difficult to reproduce the GHurface concen-
L easehes trations.
§ 390 1 ,,;"O W For measurements above 1km, the model data are in
g 08 8% : oo',' - g'rae'x:zk good agreement with aircraft observations (1993-2007) over
x . : 3 ‘O 4 Darwin Surgut, West Siberia, which is an area with high emissions
T 386 4 ; 2o e .o | ©Garmisch of methane from wetlands. However, the model was less ef-
s 200 . Vo ® |zafia . . . . L
A58 L A A fective in reproducing the high variability of GHtoncentra-
. 3 - . g::aer:s tions in the near-surface layer and did not simulate short-term
382 7o g N . % PareEalc variations W|th any rgaspnable accuracy. These results are in
o © Sodankyla agreement with the findings of Houweling et al. (2010), and
u.l\;\slz:(ll:)?:;ong highlight the importance of obtaining a realistic representa-
378 1 t i tion of PBL dynamics, especially in regions with high tracer

386 390 394 398

FTS XCO,, ppm

emissions.

Convolved with scene-dependent instrument averaging
kernels, XCQ and XCH, were calculated from NIES TM
tracer distributions and were compared with measurements
acquired at TCCON ground-based FTS sites for the period

because this site is located in the tropics. The good agreemeff°™ January 2009 to January 2011. The model was able to

between simulated XCiand FTS measurements highlights reproduce the seasonal and inter-annual variability of XCO
the ability of the model to capture the vertical profile of trac- and XCH, W!th lcorrelatlon cgefﬂuints c(;f (|)|'8d_(c)j.9 and 3'4_
ers, and in particular, to simulate balanced transport acrosg'g' respectively. A comparison of modelled data and TC-

the tropopause, as the mean age of methane was marked ON observations gevealed that_t he model bias.e,staré%
different in the lower stratosphere and upper troposphere. r XCO2 and=£0.5 % for XCH, without Sodanky's data.
In general, the overall performance of NIES TM at TC-

CON sites is similar to the performance of four transport
models (IFS, LMDZ, TM3, and TM5) compared by Houwel-
ing et al. (2010) for XCQ@ and to GEOS-Chem TM results
We performed multi-annual simulations of @OCH,, and  published by Parker et al. (2011) for XGHAIthough the
Sk using the NIES three-dimensional offline chemical trans-focus of future work will be to further improve and validate
port model (version NIES-08.1i), driven by JRA-25/JCDAS XCO; and XCH, simulations, the performance of the cur-
reanalysis data. This version uses a flexible hybrid sigmarent model version is sufficient for use in evaluating satel-
isentropic ¢-0) vertical coordinate consisting of terrain- lite retrieval algorithms in areas not covered by ground-based
following and isentropic levels switched smoothly near the FTS sites.
tropopause. Vertical transport in the isentropic part of the grid
in the stratosphere was controlled by an air-ascending rate
derived from the effective heating rate from JRA-25/JCDAS Acknowledgementsie thank T. Machida for aircraft observations
reanalysis, and was adjusted to fit the observed age of a@f CHa over Surgut (Russia); and A. E. Andrews, T. M. Hall, and
in the stratosphere. The use of this vertical transport schem®- W. Waugh for providing observation data of the mean age of air
avoided spurious vertical mixing caused by interpolation of in the stratosphere. We also thank_l?. K. Patra and the Tre_m_s_Com-
the meteorological vertical wind component, and this re—CH“. and CONT.RA"‘ ™I communities for model setups, 'n't'a!
. . rofiles, and emission fluxes used in the tracer transport simulation.
sulted in improved model performance in the stratosphere, a

. . ) e also thank S. Oshchepkov for insightful discussions and sugges-
the simulated vertical profiles of GOCHs, and Sk showed tions regarding the manuscript. The meteorological datasets used

good agreement with balloon-borne observations. A COM+or this study were provided by the cooperative research project
parison of model data with balloon-borne observations overof the JRA-25/JCDAS long-term reanalysis by the Japan Mete-
Sanriku (Japan) in 2000-2007 revealed that the tracer transrological Agency (JMA) and the Central Research Institute of
port simulations were performed with accuracies~& % Electric Power Industry (CRIEPI). We also thank GLOBALVIEW-
for CHy and Sk, and~1 % for CQ, compared with the ob-  CO,/CH, authors. For calculations, we used the computational re-
served VMRS. sources of the NIES supercomputer system (NEC SX-8R/128M16).
We evaluated the model performance in simulating near-rTcCON data were obtained from the TCCON Data Archive,
surface CH concentrations by comparisons with measure-operated by the California Institute of Technology from the
ments at GLOBALVIEW-CH4 sites. In general, the model website athttp://tccon.ipac.caltech.edulS funding for TCCON

Fig. 13.As for Fig. 11, but for XCG.
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