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Technical Note: Latitude-time variations of atmospheric column-average dry air
mole fractions of CO2, CH4 and N20

Abstract

We present a comparison of an atmospheric general circulation model (AGCM)-based chemistry-
transport model (ACTM) simulation with total column measurements of CO2, CH4 and N20 from the
Total Carbon Column Observing Network (TCCON). The model is able to capture observed trends,
seasonal cycles and inter hemispheric gradients at most sampled locations for all three species. The
model-observation agreements are best for CO2, because the simulation uses fossil fuel inventories and
an inverse model estimate of non-fossil fuel fluxes. The ACTM captures much of the observed seasonal
variability in CO2 and N20 total columns (similar to 81% variance, R > 0.9 between ACTM and TCCON for
19 out of 22 cases). These results suggest that the transport processes in troposphere and stratosphere
are well represented in ACTM. Thus the poor correlation between simulated and observed CH4 total
columns, particularly at tropical and extra-tropical sites, have been attributed to the uncertainties in
surface emissions and loss by hydroxyl radicals. While the upward-looking total column measurements of
CO02 contains surface flux signals at various spatial and temporal scales, the N20 measurements are
strongly affected by the concentration variations in the upper troposphere and stratosphere.
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Abstract. We present a comparison of an atmospheric gen-1  Introduction
eral circulation model (AGCM)-based chemistry-transport

model (ACTM) simulation with total column measurements . . .
of CO,, CHs and NO from the Total Carbon Column Ob- Carbon dioxide (.C@)’ methane.(Clzﬂ) and nitrous Ox'de.
(N20O) are the major atmospheric greenhouse gases, with a

serving Network (TCCON). The model is able to capture ; . . o .
. . : substantial fraction of their emissions coming from anthro-
observed trends, seasonal cycles and inter hemispheric gra-

dients at most samoled locations for all three species Thgogenic activities. Due to the rapid rise in their tropospheric
>amp P " " toncentrations and significant contribution to anthropogenic
model-observation agreements are best fop,B@cause the

simulation uses fossil fuel inventories and an inverse moderad'at've forcing during the period of 1750-2005 (Forster

estimate of non-fossil fuel fluxes. The ACTM captures much (rer;[oili.t,ofeoc??b a?: Srﬁzer(e?gjﬁ dt_rgzrseér;), ;REZ(:”%‘;G:”S d arr:mboetglg
of the observed seasonal variability in €@nd NO total y 9 !

columns (81 % varianceR 0.9 between ACTM and TC- sensing (satellite, ground-based) measurements. Understand-

CON for 19 out of 22 cases). These results suggest that thlng these measurements with the help of chemistry-transport

transport processes in troposphere and stratosphere are Wélwlodels (CTMs) is critical for interpreting changes in surface

. h X well identifying pr hat affect flux vari-
represented in ACTM. Thus the poor correlation between uxes as well as identifying processes that affect flux va

; . ations (e.g., Prinn et al., 1990; Keeling et al., 1996; Dlugo-
simulated and observed GHotal columns, particularly at :
tropical and extra-tropical sites, have been attributed to thekencky etal., 2009). Recently, calibrated total column mea-
un(F:)ertainties in surfacF:)e emissic;ns and loss by hydrox lrad_surements of C& CHy and NbO have become available
. . i yny y from the ground-based Total Carbon Column Observing Net-
icals. While the upward-looking total column measurements

of CO, contains surface flux signals at various spatial andwork (TCCON) (Wunch etal,, 2010, 2011). However, recent

model-observation comparisons of total columns ob Q-
temporal scales, thed® measurements are strongly affected .. P b

by the concentration variations in the upper troposphere anémed as X%o,) have found weaker seasonal cycles for the
s%/ratosphere PP posp models at continental sites, which are attributed to model

transport errors within the planetary boundary layer or in
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the stratosphere or model errors in the seasonal amplitude dal (~2.8x ~2.8 degrees latitude-longitude) and 67 verti-
surface fluxes (Yang et al., 2007; Keppel-Aleks et al., 2012;cal levels covering the height range from Earth’s surface to
Saito et al., 2011, Niwa et al., 2011). Further understandinghe mesosphere~(1.3 x 10~° sigma pressure o~80 km).
of the contributions of the tropospheric and stratospheric parACTM-simulated vertical profiles of dry mole fractions on
tial columns to the total columns is required before these newthe native model grid are sampled for 4 years (2007-2010) at
data streams can be used in deriving surface fluxes, in partic3-hourly intervals. The simulations were started in 1 January
ular for the reactive species (e.g., &HN20). The reactive  1980. The representation of transport processes for inter-
species exhibit a greater decrease rate of concentration withemispheric exchange time and inter-latitude gradients of
altitude in the stratosphere compared to that of the photosulfur hexafluoride (S§ in ACTM have been validated ex-
chemically inert species, e.g., GO tensively using in situ measurements (Patra et al., 2011b;
Parker et al. (2011) compared the TCCON and GOSATKort et al., 2011 and references therein).
(using the modified retrieval algorithm of the Orbiting Car- The non-fossil CQ fluxes (due to terrestrial biosphere,
bon Observatory mission) ¢f, for a whole year within  biomass burning, land-use change and oceanic exchanges)
2009-2010 with a CTM simulation and found that their sim- are taken from the 64-region inverse model at monthly-mean
ulations were lower than TCCON retrievals by30ppb.  time intervals for the year 2008 (Patra et al., 2011a). This
Butz et al. (2011) have found that the GOSAT retrievals, set of CQ fluxes is repeated for all years. Exclusion of diur-
by The Netherlands Institute for Space Research (SRONal, synoptic and interannual flux variations in these simula-
and Karlsruhe Institute of Technology (KIT), are within tions are likely to introduce some errors in simulating species
+1.5ppm (in the range 6£0.27 % to +0.49 %) and6ppb  concentrations. However, as seen from this study, these er-
(range: —0.53% to +0.22 %) of the TCCON observations rors do not affect our analysis of latitudinal and temporal
for Xco, and Xch,, respectively. Comparison of TCCON variations significantly. The distribution of emissions due to
and GOSAT retrievals at National Institute of Environmen- fossil fuel burning is taken from EDGAR4 (2010) for the
tal Studies (NIES) reveal that the GOSATcg, and XcH, year 2005 and global totals are scaled for each year, follow-
are biased low by 8.85 ppm and 20.4, respectively. These reing Boden et al. (2011). The GHsimulations are based on
cent inter-comparisons of total columns from remote sensthe TransCom control emission scenario extended until the
ing instruments and models have prompted us to evaluend of 2010, and account for loss due to chemical reactions
ate the simulations of ¥o,, XcH, and Xy,o by the Cen-  with hydroxyl radical (OH), chlorine radicals (Cl) and atomic
ter for Climate System Research/National Institute for En-oxygen (3D) (Patra et al., 2011b). The tropospheric OH
vironmental Studies/Frontier Research Center for Globalfields are taken from Spivakovsky et al. (2000), and global to-
Change (CCSR/NIES/FRCGC) AGCM-based CTM (here-tal is scaled to reproduce GBCI3 growth rates in the 1990s
inafter, ACTM; Patra et al., 2009; Ishijima et al., 2010; Patraand 2000s (Patra et al., 2011b). TheNfluxes are taken
etal., 2011). from EDGAR4 and EDGAR?2 for land regions, and from Jin
Here we compare the simultaneous forward ACTM simu-and Gruber (2003) for oceanic regions. The soil emissions
lations of Xco,, XcH, and Xy,o with TCCON observations, from EDGAR2 are scaled by factor of 1.2 for producing
with the main aims of understanding possible causes for thehe observed PO growth rates, approximately. Stratospheric
offsets found between model and observations, and the difloss of N O is parameterized using a standard set of photo-
ferences between the seasonal cycles among multiple speciebemical processes (Ishijima et al., 2010).
at a variety of locations. The use of multiple species, with At each TCCON site, a Fourier Transform Spectrome-
unique properties of their sources, sinks and photochemicaler (FTS) acquires solar absorption spectra in the near in-
loss processes, are shown to be useful for disentangling efrared spectral region. Total column amounts are retrieved
rors in model total columns due to the surface fluxes andfrom these spectra using a least-squares spectral fitting al-
model transport. Such segregation of processes contribugorithm, GFIT (developed by G. Toon, JPL), which scales
ing to the total columns measured by remote sensing instrua priori mole fraction profiles to provide the best fit to the
ments are required for assimilating this set of observationsneasured spectra. Total column amounts obOCH, and
for source/sink estimations. N0, the species of interest here, are ratioed to the retrieved
total O, column to derive the column-average dry-air mole
fractions, Xo,, XcH, and Xy,o, respectively. The TCCON
2 Model, observation and analysis method is a calibrated network (Deutscher et al., 2010, Wunch et al.,
2010; Messerschmidt et al. 2011; Morino et al., 2011), and
We use the CCSR/NIES/FRCGC AGCM-based chemistry-its error budget, data analysis and other details are described
transport model (i.e., ACTM), which has been developedin detail in Wunch et al. (2011). Here, we analyzegX
for simulating the major long-lived greenhouse gases, suctXch, and Xy,o time series at 15 TCCON sites (Table 1
as CQ, CHy and NO (Patra et al., 2011a, b; Ishijima et and Fig. 1), namely, Bialystok (BIA), Bremen (BRE), Dar-
al., 2010 and references therein). The ACTM simulationswin (DAR), Eureka (EUR),Garmisch (GAR), Izana (1Z0),
are conducted at T42 spectral truncations in the horizonPasadena (JPL), Karlsruhe (KAR), Lamont (LAM), Lauder

Atmos. Chem. Phys., 12, 7767477, 2012 www.atmos-chem-phys.net/12/7767/2012/
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Table 1. List of the TCCON sites used in this study. A comparison between the ACTM and TCCON time series presents the correlation
coefficient R, model biash, model-data differencd, 1o standard deviation of residuals (RSD) for observations. We provide three
corresponding to the full time series (TS; Figs. S1-S3 in the Supplement),fitted seasonal cycle (SC; Fig. S5-S7 in the Supplement) and
residuals (RS; Figs. S8-S10 in the Supplement) for the observed and model time series.

| Xco,s Ppm | XcHy» PPD | XN,0s PPb

\ R b d RSD| R b d RSD | R b d RSD
Site Latitude Longitude] TS  SC RS | TS sC RS TS SC RS
bEUR 80.PN 86.42'W | 0.00 1.4 17 1.6| 0.04 19.8 9.1 6.9 0.79 21 13 1.9
bsop 67.4N 26.6E | 0.91 1.0 15 3.1} 0.57 23.6 16.7 19.8 0.97 59 74 110
BIA 53.2°N 23.0°E | 0.88 0.93 0.38 09 14 31051 0.84 0.38 9.4 96 1200.88 0.96 0.80 3.7 23 4.8
BRE 53.TN 8.8°E | 0.90 0.98 025 -03 14 35| 046 0091 0.31 29 105 121082 095 0.73 15 28 4.9
bagar  49.1°N 8.4 E | 077 -03 1.7 2.6| 0.44 -09 104 123
ORL 48.0N 21°E | 096 090 -0.03 -02 1.1 3.6/ 0.24 0.60 -—-0.09 0.0 9.3 9.0l 0.93 0.98 0.01 14 21 5.2
GAR 475N 11.°E | 0.85 0.96 0.08 03 17 3.10.36 0.55 0.38 27 106 10..0.86 0.99 0.70 14 26 4.9
LEF 459 N 90.3W | 0.95 0.98 0.02 -04 1.2 4.1 0.30 0.28 0.06 45 132 139086 094 0.16 09 25 4.6

LAM 36.6°N 97.5W | 0.88 0.97 033 -05 16 3.0/ 0.56 0.92 032 -154 119 134 075 095 064 -16 22 35
aTKB 36.1°N 140.PE | 0.86 0.97 031 -01 15 271 0.26 0.20 034 -45 128 105

JPL 342N 118.rWwW | 093 1.00 0.06 -14 11 2.7| 0.60 0.95 0.50 —-105 105 10.9 085 098 0.77 -14 1.8 3.3
azo 283N 16.5W | 0.96 0.99 020 -1.2 0.9 24| 052 0.77 0.45 —-13.6 8.0 9.2

DAR 12488 130.9E | 0.92 0.58 0.30 -05 1.0 24] 044 0.03 0.50 —-23.6 9.6 10.1) 0.69 0.92 046 -64 14 1.9
WwOoL 34.8S 150.9E | 0.87 0.72 0.40 05 0.8 1.6 0.54 0.65 0.62 —12.1 11.3 124 084 096 086 —-18 1.7 3.0
LAU 45.1°S 169.7E | 0.93 0.63 —0.04 0.0 1.0 2.3/ 0.72 0.90 0.12 0.0 9.8 136077 097 0.14 00 21 3.3

a XNZO are not measured at these sites during the period of this analysis
b time series too short for fitting, and thus no calculation of SC and RS components is presented

90N

dry air column abundance to infer the column dry-air mole
fraction (DMF; Egs. A6 and A7 in Wunch et al., 2011). All
the ACTM results are adjusted by an offset fazg$, XcH,

and Xy,o0 (ACTM-TCCON=0ppm, 25.6 ppb and 3.2 ppb,
respectively) to match the average TCCON concentrations at
Lauder. Imbalance in surface emissions and loss rates over
the time of simulations lead to these offsets in&thd NN O
values. This offset correction is made at the southern-most

ast

EQ

45+

I 1 1 L 1 1 1

fBow 135 90 as 0 as 90 135  180E TCCON site, because the main focus of this study is to under-
stand the seasonal and latitudinal distribution of these species
for column distributions.

9

Fig. 1. Locations of TCCON sites (red dots) superimposed

on the landcover map (greenish and brownish colors de- .
note intense and weak annual total vegetation activity, re- The partial column (PC) of DMF for the tracgrare cal-

spectively; sourcenww.nasa.gov/vision/earth/environment/urban  Culated as

effects.htm). The full site names and locations can be found in
Sect. 2 and Table 1. Xy tropo = PG, tropo/ (Ps — Pt) (2

Xy,strato: PCy,stratQ/Pt (3)

(LAU), Orleans (ORL), Park Falls (LEF), Sodanky(SOD),

where P is the partial column of the tracer from the
Tsukuba (TKB) and Wollongong (WOL). G tropo P

Pt
Model equivalents of the TCCON, are derived taking §utr|zace (T'S)I to fhe trOI?(;Eal:SQ)(H?Sx(Pi{ r)]‘“: and Pstrato
the measurement column averaging kernels for the trace;ri fparf'ti cotumn Oh € racFe:r rom edr_og?pau_s@at(lf_’
y(CO,, CHs or N>O) into account. ACTM-simulated pro- '€ OP of the atmosp erey,0(P) assumed =0 for simplic-

files of the tracer mole fractionm(P), are extracted for each ity) and the corresponding dry air partial columns are given

Prin
site. Following Rodgers and Connor (2003), the tracer mole?Y S P AP

fraction profilex(P) which is integrated to derive the tracer ~ FOF quantitative evaluation of the model-observation
column abundance is given by: agreement, we prepared following statistics: correlation

coefficient R, model biasb [=%(XACTM _XTCCONy/NT;
Xj=Xa+AjXm j —Xa.;) 1) where N is the number of data points in the time se-
ries, and standard deviations of model-data differedce
wherex, ; is the TCCON retrieval a priori and ; is the  [=sqrfZ(XACTM _XTCCON2/n}] We use the digital filter-
the TCCON column averaging kernel (a function of solar ing method described in Nakazawa et al. (1997) for decom-
zenith angle) on theg-th pressure level. The tracer total col- posing the daily averaged original time series (model and
umn abundance is then divided by the corresponding ACTMobservations separately) into long-term trend (periodicity

www.atmos-chem-phys.net/12/7767/2012/ Atmos. Chem. Phys., 12, 77&7H, 2012
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a. ACTM Column CO2 [ppm]; January 2009 d. ACTM Column CO2 [ppm]; July 2009

- == P —
N vy =
. £

90N

60N " %0
30N
EQ . >
30S
60S
90s

382 383 384 385 386 387 388 389 390 382 383 384 385 386 387 388 389 390

b. ACTM Column CH4 [ppb]; January e. ACTM Column CH4 [ppb]; July
90N P M T e T = = = T = ) B )
son 55,

30N

308
60S
90S

1890 1705 1720 1735 1750 1765 1780 1795 1810 1680 1705 1720 1735 1750 1765 1780 1795 1810

120W 60W 60E 120E 60W 60E
=]

[ T 1 1
288 291 294 297 300 303 306 309 312 288 291 294 297 300 303 306 309 312

Fig. 2. Monthly mean global distributions of the ACTM-simulated total columnyCOH; and NbO (without applying averaging kernel and
a priori smoothing) in January (left column) and July (right column) 2009.

longer than 24 months) and fitted curve (without the high-During July, the average ¢o, values in mid-high latitudes
frequency variations). The seasonal cycles for each specie@ole-wards of 4%) of both hemispheres show similar con-
at different sites are calculated by subtracting the long-terncentrations, with values in the tropics higher by about 4 ppm.
trends from the fitted time series, and the residuals (repreThe inter-hemispheric (IH) gradients (defined as NH minus
senting synoptic variability) are calculated by subtracting theSH) of Xcn, are about 100 ppb both in January and July,
fitted time series from the original time series. indicating CH, sources in the NH dominate sinks by the re-
action with OH in all seasons. This is contrary to the CH
distribution near the Earth’s surface, where thes@H gra-

3 Results and discussions dient is as strong as 250 ppb in January and much weaker
(~150 ppb) in July (Patra et al., 2009). Despite highery,CH
3.1 Global distributions emissions in July, lower CiHconcentrations near the surface

are caused by the stronger vertical transport and loss qf CH
The latitude-longitude distributions of ACTM-simulated due to its reaction with OH. Since the vertically transported
CO,, CH4 and NO column-average dry-air mole fractions CHa resides in the middle and upper troposphere, the dif-
(DMFs) are shown in Fig. 2. Global DMFs presented in ferences in X, with seasons are not distinct, compared to
Fig. 2 are calculated by taking TCCON averaging kernels,the surface concentrations. The% are always higher in
A to be the unit vector. The ACTM-simulatecty, distribu-  the tropics by at least 5 ppb compared to the high latitudes
tion shows values about 5 ppm higher in the northern hemi{~60°) in both the hemispheres, and particularly low values
sphere (NH) than the southern hemisphere (SH) in January@re seen over the Antarctic region and Greenland reflecting

Atmos. Chem. Phys., 12, 7767477, 2012 www.atmos-chem-phys.net/12/7767/2012/
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392 — — data coverage, while other sites are showing an average CO
L@ o o ] growth rate of~2 ppm between 2009 and 2010. The TCCON
o 1 Xco, are higher by about 2 ppm than ACTMc%, in 2010 at
88| o) o o ] both LAM and LEF, while agreement between TCCON and

- 8 ° o ACTM were good in 2009. This mismatch in 2010 is pro-
‘6 O o ® ° o 1 duced by shallower seasonal cycle minimum fefoX at the
I e © ] two sites (Fig. 4). The summer drought in temperate North
384 e ] America may have led to weaker terrestrial ecosystem uptake
D0 L T in 2010. Such differences in annual average values f@ N
7 are also seen, but are less distinct forCihich has rela-
. tively weaker seasonal amplitudes (and hence less influence
] from the timing of the data gap). The latitudinal variations
i i of Xco, and Xcn, are in general agreement with those ob-
1760 | e o served within the troposphere. However, theg,gvariations
[ are in contrast with the YO IH gradients at the surface or
e ACTM: 2009 1 in the upper troposphere of about 1 ppb (Prinn et al., 1990;
1720 Lo ® TCCON: 2009 i Ishijima et al., 2010). The ¥,o variations are related to vari-
K ACTM: 2010 1 ations in tropopause height, indicating stronger stratospheric

L 1 1 1 1 1| o TCCON:2010 |l 1 1 .

30 influence on the Ngo gbundance, compared to the surface

I | fluxes (further details in Sect. 3.4).

1800 - (b)

™ -
e -
©
o@

@0
[}
(o)
@
®0

3.2 Model and observed time series

w
g
N
I
|

1 Comparisons between the ACTM (blue dots) and TCCON
e ® °1 (black dots) time series of 2o,, XcH, and Xy,o for 2007—
e o 2010 are shown for seven selected sites at hourly time inter-
1 vals in Fig. 4. The ACTM-simulated values with no smooth-
ing by averaging kernels are shown as a 3-hourly continuous
time series (thin brown line). The model time series, created
from the data points sampled at TCCON observation times
and after applying the averaging kernels and a priori profiles,
Fig. 3.Observed (black) and simulated (blue) values gbX (top), 1S Shown by blue dots. Thece, comparisons between the
XcH, (middle) and X,0 (bottom) at the TCCON sites. Annual ACTM and TCCON time series show that the model bias
mean values for 2009 and 2010 are shown for this comparison (notét each site is withirc1.0 ppm, except at Eureka (1. 4 ppm),
that there are data gaps in time series for both years). The sites a@L (—1.4 ppm) and Izana<{1.2 ppm) (refer to Fig. 5 and
arranged by latitude from Lauder to Eureka, located at the highesTable 1 for detailed statistics).
latitudes in the SH and NH, respectively. The time series are highly correlateRl & 0.8), suggesting
a realistic representation of transport and fluxes in ACTM
for simulating Xco, seasonal cycle and trends. This is de-
yspite the fact that interannual variability in non-fossil fluxes

the tropical upwelling branch of the Brewer-Dobson circula- 'S N0t accounted for in ACTM, and that the fossil fuel emis-
tion is narrow and MO-rich air is transported deep in to the SION map is based on the EDGARA4 distribution for a sin-
stratosphere (240 ppb isopleths reach beyond 10 mb), whilg!€ year (2005). The model-data differencesre slightly
during July similar NO concentrations reside below 10mb Smaller in the SH+{1 ppm) than those at the NH continental
but over wider tropical latitudes (Ishijima et al., 2010). Thus Sit€S 1.8 ppm). _
the peak in NO column over the equator is more flattened in 1€ goodness of model-observation agreement may also
July than in January. be defmed W|.th respect to the resndugl _data varlapll|ty at
Figure 3 compares the annual meapobserved and sim- 2 particular site. The & s.tandard. dewaﬂqn of. residuals
ulated by ACTM at TCCON sites. The model is able to simu- (RSDs) for th_e measured time series are given in Table 1. If
late annual mean &,, Xcr, and Xy,o at the sites (ordered model-data d|ﬁerence§;(anQd) are less than the obseryed
by latitudes along the x-axis) within about 1 ppm, 10 ppb andRSDs, the model-observation agreement can be considered

2 ppb, respectively, at most sites. In these comparisons thgood. We find, bottb andd are generally smaller or similar

model is sampled at the observation times, thus larger differi? magnitude compared to the observed RSD at all sites for

ences between the average values for 2010 and 2009 at GARCOz» XcH, and Xx,o.
and ORL are mainly caused by differences in the months of
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Fig. 4. Comparisons of TCCON measurement (black dots) and ACTM-simulation smoothed by averaging kernels and a priori profiles (blue
dots) for Xco,, XcH,, and Xy,o (from left to right panels) at seven selected sites (corresponding names marked on the right for each row).
The observational records at the other operational TCCON sites are short or do not cover all three species. The brown line represents the
original/unsmoothed ACTM continuous time series with a 3-hourly time step. Comparisonsgf XcH, and Xy,o from TCCON and

ACTM are depicted for all measurement sites in Fig. S1, S2 and S3, respectively.

The time series of the ACTM &, (blue dots) compared are driven by errors in regionally varying emissions, tropo-
with the subset of TCCON 4, (black dots) is shown inthe  spheric chemistry, and transport across the tropopause. The
middle column panels in Fig. 4. The correlation coefficients model-data differences are less than 13 ppb (except at So-
between observed and simulated time series are generall§ankyla), which are more uniform across the sites than the
greater than 0.3, except at Orleans and Tsukuba (Fig. 5 anthore widely varying biases.

Table 1). The model biasésare relatively large at Eureka The right panels in Fig. 4 shown$o time series of the
(19.8 ppb) and Sodankyla (23.6 ppb), Lamontl6.4 ppb), ACTM (blue dots) and TCCON (black dots). The impact of
JPL (—10.5ppb), Izana+13.6 ppb), Darwin £23.6 ppb)  applying averaging kernels and a priori profiles to ACTM
and Wollongong £12.1 ppb), and less than10ppb at the  Xn,o is clearly seen in two ways: (1) the absolute values
other sites. Model-data comparisons ofgs and surface are adjusted higher and agree better with the TCCON mea-
CHg4 concentrations (Patra et al., 2009, 2011b) would sug-surements at the tropical and sub-tropical sites, and (2) the
gest ACTM inter hemispheric transport is not the source ofamplitude of daily and seasonal variability increases signifi-
relatively large biases in ¢4,. Rather, we speculate these cantly (blue dots) from those without applying the averaging
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L e e e e e Y N Larger bias and differences at Sodankyla farpX and

2 [a A X N A A 4 4 gl ! XN,0 are due to ACTM-TCCON differences in spring
" ' (Fig. S4 in the Supplement), which is a dynamically active
e | 1 period at this latitude, related to the movement of the Arc-
e oo 1 tic polar vortex. The ACTM simulations show highep®

L concentration within the polar spring vortex compared to the

e ? ] measurements from limb-viewing satellites (Ishijima et al.,
2r 0 2010). The systematically high values for measuregh,X
and Xy,o compared to the simulation for sites between Wol-
ol ® e 1 angong an_d Lamont (34246 tp 36.6 N) may arise frqm

I ®l higher tropical tropopause heights due to coarse horizontal
_ resolution of the model failing to reproduce the sharp gra-
ole 4 L 0e . : 14 4 1052 dient in tropopause height between the equator afd:30

I ] = tude (e.g., Patra et al., 2011b). It is also known that th® N
° 1 sources in the tropical regions as used in this simulation are
underestimated (Kort et al., 2011), particularly in Southeast
1 Asia, which can affect the §O concentrations around Dar-
gfr T T T T T T T win significantly. However, the ACTM-simulated IH gradi-

[ a A A A A 1 ents for all three species are in close agreement with the TC-
art A o | 2] CON measurements, e.g., the ACTM-TCCON differences in
o i. Tos annual mean ¥o,, XcH, and Xy,o at all sites are generally

1 o ® 17 within 1.5 ppm, 20 ppb and 2 ppb, respectively, and with no
4l ] apparent seasonal bias (except at Sodankyla and Darwin).
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3.3 Comparison of seasonal cycles and residuals
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- The seasonal cycles from the measured and simulated time
" series are obtained by removing long-term trends both from
Fig. 5. The model biag (black dots) and model-data differen¢e  the fitted smooth curve and raw data as described in Sect. 2.
(brown bars) for(@) Xco,, (b) Xch,, and(c) Xn,o. Correlation Peak-to-trough amplitudes and the phase of the cycles in
coefficientR (blue symbols) corresponds to the y-axis on right. No ACTM Xco, are in very good agreement with those of TC-
observations are available forgo at Izana, Tsukuba,and Karl-  CON Xco, at the NH sites (Fig. S5 in the Suppelemebtpr
sruhe. Biases corresponding to four seasons are shown in Fig. S4.SC in Table 1). For example, no apparent mismatches can be
found at the Tsukuba, JPL, Park Falls and Bremen sites for
) ) o the 2007—2010 period. These results show better agreement
kernel (thin brown line). This is because the TCCON,&  than previous studies (Basu et al., 2011; Keppel-Aleks et al.,
averaging kernels have higher sensitivity in the stratosphergg12) This improvement is potentially associated with dif-
(Fig. 4 of Wunch et al., 2011), effectively amplifying vari- ferences in the surface fluxes and transport model. Atadrs
ations in the total column abundance ofMdue to varia-  gpq Bialystok, about a month delay in the ACTM:, sea-
tions in tropopause height, and hence leading to more varigona| cycle phase is observed compared with that measured
ability in Xn,0 than that observed infD mixing ratios near  ,y TCCON. Noteworthy here is that the inverse model fluxes
the Earth's surface (Ishijima et al., 2010). For example, thep ;e only monthly time resolution and only four large re-
TCCON averaging kernels forJO increase from 0.5 in the gions over western Europe. European sites Bremen, Bia-
lower troposphere to more than 1.5 at 100 mb at a solar zenitlfs,stok and Orleans all fall in the same model region, and

angle of 20 over Lamont, while those for COand CHi pance the model simulates the same phase of seasonality (in
increase only by 50% in the same a'ltlltude range. Thus th%\greement with Bremen), while the TCCON measurements
TCCON FTS spectra are more sensitive to the troposphergy ihose sites differ. An inversion at finer spatial and tem-

and surface fluxes for Gand Chy compared to NO. The 45| resolution may help distinguish the flux heterogeneity
correlation coefficient of the time series is higR £ 0.7) between sites.

at every site. The model biasésat Wollongong, Darwin,
JPL, and Lamont are negative {.4,—6.4,—1.8, and—1.6,
respectively), similar to the latitudinal variations fog,.
The model-data differencesat all sites are<3 ppb, except
at Sodankyla (Fig. 5).

te nami

[¢']

Among the sites consisting of more than one year of data
coverage, we find the seasonal cycle amplitudes are overesti-
mated by about 2 ppm at Izana and Lamont, unlike previous
studies, which report an underestimation afoX peak-to-
trough amplitudes (e.g., Yang et al., 2007; Basu et al., 2011).
In particular, when the seasonal cycle amplitude and phase
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Fig. 6. Time series of ACTM partial columns in the troposphere (in red) and stratosphere (in blue) jofleé®tColumn), CH, (middle

column) and NO (right column) at threes elected sites representing northern and southern midlatitudes and tropics. Continuous lines in
lighter colours show the partial columns before smoothing by averaging kernels and a priori profiles. The tropospheric and stratospheric
partial columns for monthly varying and annual mean tropopause are shown in Figs. S11 and S12.

are in good agreement at Park Falls, the anomalously deep The Xy,o0 seasonal cycles are in excellent agreemgnt (
seasonal uptake at Lamont arises from bias in the invers@.92) at most sites except for NH high latitudes (Fig. S7; Ta-
model flux. This is because the estimated summer uptake ible 1), suggesting the seasonal variations gONoss rates
influenced by the nearest northern site (Park Falls), whichin the stratosphere and the seasonal variation of tropopause
has stronger uptake due to denser vegetation and agricultur&leight are fairly well represented in the ACTM. The resid-
activities compared to the regions around the Lamont siteual variability, presumably due to synoptic variation in
(Fig. 1). The four regions of temperate North America in the tropopause height and stratosphere-troposphere exchange
64-region inverse model do not provide sufficient degrees ofevents, is reasonably well represented at some (Bialystok,
freedom for capturing these ecological differences betweerBremen, Garmisch, Pasadena, Wollongong), but not all TC-
sites. Note also that the continental £@easurement sites CON sites.

within the 4 temperate North America regions of Patra et

al. (2011a) inversions are located north of ADThus, the 3.4 Characteristics of partial columns in the

Xco, distributions at TCCON measurement sites contain sig- troposphere and stratosphere

nificant new information on the local-regional surface fluxes.

The extraction of Xn, seasonal cycle information from = Figure 6 shows the time series of modeled dry-mole frac-
the TCCON measurements is affected by the signal-to-noisgjgn partial columns of C@ CHs and NoO using Egs. (2 and
ratio and data gaps (Fig. S6). At the SH sites, the daily ands) for the period of 2007-2010. These comparisons suggest
synoptic variabilities (residuals) are as large as the seasonghat most of the variability in the total columns of g@nd
cycle, which affects the Darwin site most, followed by Wol- cH, is from the tropospheric column (Figs. 4 and 6). While
longong and Lauder. It is also likely that some of the local the N,0 seasonal cycle amplitudes near the Earth’s surface
and regional sources of GHare not included in the ACTM  gre typically within 1 ppb, the total column abundances vary
simulations (e.g., Fraser et al., 2011). However, the reIativerby more than 10 ppb with seasons. The larger fraction of the
high correlation coefficients for residuals at Darwin and Wol- Xn,0 Seasonal cycle amplitude is contributed by the strato-
longong indicate realistic representation of £Bmission  spheric part of the column. The high correlation coefficients
distribution and synoptic transport in ACTM over Australia. for ACTM and TCCON X,0 at all time scales and sites sug-
At Park Falls and Lamont, dense data coverage leads to befjest that the ACTM is capable of simulating the variations in
ter seasonal cycle extraction, and we find that the ACTM andstratospheric photochemical loss (mostly seasonally varying)
TCCON Xch, time series are highly correlated. Generally, ang daily-synoptic scale variability in transport in the up-
the correlation coefficient of the oy, time series between per troposphere and lower stratosphere (UT/LS) region. Note
the ACTM and TCCON is lower than 0.7 at all sites, which pere that the NO averaging kernels are more sensitive to the
is significantly less than for o, or Xn,o (Table 1). UTI/LS height region than in the troposphere, and that the
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