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Abstract. We investigate factors that drive the variability 1 Introduction
in total column CQ at the Total Carbon Column Observ-
ing Network sites in the Southern Hemisphere using fluxesAnthropogenic emissions of carbon dioxide (§Q@re the
tagged by process and by source region from the CarboanStimportant driver of human-induced climate Change. Un-
Tracker analysed product as well as the Simple Biospherdlerstanding the temporal and spatial variability of sources
model. We show that the terrestrial biosphere is the larges@nd sinks of CQ is critical to modelling the processes that
driver of variability in the Southern Hemisphere column Will contribute to future changes in atmospheric £@n-
COy. However, it does not dominate in the same fashion aghropogenic radiative forcing and resulting climate impacts
in the Northern Hemisphere. Local- and hemispheric-scaldeliably. One widely used method is derived from atmo-
biomass burning can also play an important role, particularlyspheric inverse modelling, in which estimates to the atmo-
at the tropical site, Darwin. The magnitude of seasonal vari-Sphere are optimized using measurements o CEnting
ability in the column-average dry-air mole fraction of O and Mansbridge1989 Tans et al. 1990. These estimates
Xco,, is also much smaller in the Southern Hemisphere ancare constrained by a relatively dense observing network on
comparable in magnitude to the annual increase. Comparthe global scale and in some regioreylin et al, 2013.
ison of measurements to the model simulations highlightsHowever, several regions of importance to the carbon cy-
that there is some discrepancy between the two time serie§le, €.9. Siberia, South America and Africa, are poorly con-
especially in the early part of the Darwin data record. Westrained because of a lack of measurements in those loca-
show that this mismatch is most likely due to erroneously esltions, as illustrated by the network of in situ sites shown in
timated local fluxes in the Australian tropical region, which Fig.1. In comparison to Western Europe and North America,
are associated with enhanced photosynthesis caused by eatljere are also few measurements in Australasia. Altogether,
rainfall during the tropical monsoon season. this means that surface G@luxes in the Southern Hemi-
sphere are particularly poorly constrained by in situ surface
measurements.
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The inference of surface fluxes from in situ measurementof the models. This suggests that there is a systematic fail-
requires accurate modelling of atmospheric tracer transportng in either the underlying fluxes or the transport driving
in particular, vertical mixing in the boundary layer and trans- these models. The models usedlguweling et al.(2010
port to the free troposphere. Errors in modelled transport aréncluded TM5, the model that underlies the CarbonTracker
aliased into surface flux estimates. For examfi®phens data assimilation study, and TM3, which is also used in our
et al. (2007 show that the spatial partitioning of a posteri- study.
ori fluxes from inversions using a suite of transport models In this study, we investigate driving factors behind vari-
(but otherwise identical setups) was highly dependent on thebility in Southern Hemisphere g6, measurements taken
strength of model vertical mixing. within the TCCON. Whereas previously the Southern Hemi-

Vertically integrated C@ column concentrations are less sphere has attracted relatively little interest because of the
sensitive to vertical redistribution of the tracer than in situ smaller, relatively quiescent landmass, a recent study sug-
measurements. Thus column abundance measurements aests that the Southern Hemisphere, and in particular Aus-
expected to provide complementary information to surfacetralia, is responsible for almost 60 % of carbon uptake dur-
in situ measurements when included in surface flux inver-ing interannual anomalieP¢ulter et al. 2014. This in-
sions. Column measurements can also potentially providéerannual variability in uptake by Australian ecosystems in
information on remote locations, because they are influ-linked to precipitation changes. We examine the variability
enced by a larger spatial area than surface in situ measurext the Southern Hemisphere TCCON sites via comparison of
ments Keppel-Aleks et al.2011). This comes at the expense the measurements with simulations from the CarbonTracker
of potentially more-detailed information about local fluxes. data assimilation systenPéters et al.2007) and a sepa-
Quasi-global coverage of column measurements of @D rate tagged tracer model run, both driven by the same best-
be achieved via satellite platforms, such as SCIAMACHY estimate fluxes of C&to and from the atmosphere. An alter-
(Burrows et al. 1995, GOSAT (Kuze et al, 2009, OCO- native terrestrial biosphere tracer based on the Simple Bio-
2 (Crisp et al, 2009 and CarbonSatBovensmann et al.  sphere modelRaker et al.2003 Denning et al.1996 Sell-
2010. Southern Hemisphere data from the Total Carbon Col-ers et al.1986 is also analysed. We investigate the processes
umn Observing Network (TCCON) play an important role in and regions that are responsible for the simulated and mea-
satellite validation (e.gButz et al, 2012, Crisp et al, 2012 sured variations in ¥o,. In addition, we examine the causes
Morino et al, 2011, Reuter et al.2011), and the low ob- of disagreement between measured and modelled time se-
served variability in the extratropical Southern Hemisphereries of Xco,, in particular the seasonal mismatch in 2006
has been exploited to derive a bias correction for ACOSdescribed irHouweling et al(2010.

GOSAT Xco, retrievals (Wunch et al. 20118. The paper is laid out as follows: Sect. 2 describes the mod-

Previous studies investigatingc¥, in conjunction with  els used and Sect. 3 the measurements to which they are com-
models (e.gYang et al, 2007 have focused on the Northern pared. In Sect. 4 we investigate the variability in modelled
HemisphereKeppel-Aleks et al(2011) show that column  Xco, while in Sect. 5 we compare the simulations to TC-
measurements are influenced by hemispheric scale flux patzON measurements, and investigate causes of discrepancies.
terns, and that synoptic variability in extratropical Northern The conclusions follow in Sect. 6.

Hemisphere Xo, is primarily related to large-scale merid-

ional gradients in fluxes from the terrestrial biosphere. In a

subsequent stud¥keppel-Aleks et al(2012 used TCCON 2 Atmospheric transport modelling

data to show that simulations based on unoptimised bio-

spheric fluxes from a version of CASA underestimated the2.1 CarbonTracker 2011_oi

seasonal cycle magnitude in column £@ue to a 40% un-

derestimate of the strength of boreal flux seasonal cycle andhe primary tool we use to investigate drivers of variability in
a mismatch in the timing of the boreal drawdoasu etal.  the measured o, time series is the CarbonTrackétgters
(2017 show an underestimate of the modelled seasonal cyclet al, 2007 2011 oi (hereafter “CT2011_0i") data assim-
magnitude with CarbonTracker when compared to northerrilation product, available ahttp://carbontracker.noaa.gov
hemispheric TCCON data, a robust finding with those flux Model CQ, is provided on 25 or 34 vertical levels (before and
estimates regardless of the transport model used. after December 31, 2005, respectively) for each TCCON site.

Houweling et al.(2010 compared four transport models The model is run with 3longitudex 2° latitude global reso-
driven by the same fluxes and meteorological reanalyses téution, with 1° x 1° “zoom” over North America. CT2011_oi
four TCCON sites, including Darwin, Australia as well as provides estimates of COluxes to (or from) the atmosphere
the Northern Hemisphere sites Park Falls, Spitsbergen anttom biomass burning, fossil fuel emissions, the terrestrial
Bremen. The comparison highlighted that the agreement irbiosphere and oceans. Details of the source of prior estimates
seasonal cycle shape was reasonable for the Northern Hemof these fluxes are given in Talleln CT2011_oi an ensem-
sphere sites. However, there was an obvious failure to reproble of prior fluxes is used, with two different estimates for
duce the shape of seasonal cycle at Darwin in 2006 in anyeach of the fossil fuel, biosphere and ocean components. The
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Table 1.Details of CT2011_oi prior and posterior fluxes used in this comparison.

Flux Source of prior flux Optimized
(Yes/No)

Biomass burning (BB) GFED-CASAv3 No

Fossil fuel (FF) CDIAC extended to 2009-2010 via 2011 BP energy consumption statistics No

ODIAC (Oda and Maksyutqw011) extended to 2008—2010 via 2011 BP No
energy consumption statistics

Ocean (OC) Jacobson et a(2007) Yes
Terrestrial biosphere (TB) GFED-CASAv2 Yes
GFED-CASAv3 Yes

data assimilation system optimizes the terrestrial biospheréropical (north of 28S) and temperate Australia, and the
(TB) and oceanic flux (OC) components, while the fossil north and south islands of New Zealand. The regions are
fuel and biomass burning components fluxes are unchangeshown in Fig.1. This results in a total of 14 land regions
from their prior values, described in Table In the verti-  and 11 ocean regions, and a global total of 67 tracers.

cally resolved simulations at the TCCON sites, L£i0tal, TM3 is an offline model that is driven by reanalysis winds.
background and process-specific mole fractions are provideth this case, we used winds from the NCEP reanalysis project
every 1.5h from 1 January 2000 to 31 December 2010. Car{Kalnay et al, 1996. We used the fine-grid version of the
bonTracker uses the TM5 atmospheric transport md¢iell( model, which has a horizontal resolution of approximately

et al, 2005. 3.8’ by 5° and 19 vertical levels. TM3 has been included in
_ . a wide range of model intercomparison studies (€.grney
2.2 The Simple Biosphere model et al, 2002 Stephens et gl2007. Stephens et a2007)

N o found that TM3 was amongst the best three of the TransCom
In addition to the CarbonTracker optimized fluxes, we alsomqdels at reproducing vertical gradients observed by aircraft
use the monthly mean net ecosystem exchange (NEE) fluxegrofiles, though no model reproduced the vertical gradients
from the Simple Biosphere (SiB) moddgker et al. 2003 i, the measurements at all times. Furthermore, this model
Denning et al. 1996 Sellers et al.1989 as an alternative a5 peen shown to be in excellent agreement with three other

terrestrial biosphere componehtesserschmidt et a(2013 models in its representation of column €& four TCCON
showed that the amplitude and phasing in SiB better matche§ites, including DarwinKlouweling et al.2010.

that measured at Northern Hemisphere TCCON sites than The model is run from 2000 to 2010 inclusively. With

either CASA or GBiome-BGC. This is used to assess hown, TCCON FTIR measurements before 2004, we are able
robust the regional and process attributions are to errors iRy treat the years 2000-2003 as a spin-up period, allowing
the terrestrial biosphere fluxes, which could be an issue esgme for vertical and horizontal gradients to be well estab-
pecially in data-sparse regions where posterior flux estimatefished, and therefore exclude model output that pre-dates the
are largely determined by the prior estimates (GFED-CASAmeasurement time series. Unlike for CT2011_oi, we sam-
in CT2011_oi). SiB has a balanced biosphere, meaning th%'e the TM3 model once a day, at 00:00 UT, at the loca-
the average annual net uptake is not captured and no 10nGjons of the TCCON sites. Temporal sampling biases were
term trend results from the terrestrial biosphere tracer. checked using the full temporal resolution CT2011_oi time
series sampled at measurement times and at 00:00 UT, and
the differences in the monthly means were found to be less

1
In addition to CT2011_oi, which provides model tracers sep—th?rnMO?;l Elr:]oll :'0:1 ' have been checked here for agreement
arated by source process, we perform an additional tagged ith th SC'IEI26(1)101 s ha ed ete fc ec eh ere lor agree et
tracer model simulation to investigate regional influences.”! € 0! products for each source component.

For this we use Tracer Model 3 (TM3)}éimann and Kérner Both the C.T2011—°i and .TM3 time series are linearly (.:iej
2003 as the atmospheric transport model. The fluxes are rurgended using the same linear factors, and agree to within

l .
independently through the model, separated out into differ—c'ézut;nct)I r?o‘rf on mohn_thljy tllcrjneslcales, not_I(_)kr‘\.Iy for the tmil.
ent tracers by process — biomass burning (BB), fossil fuel ut also for each individual process. This agreement 1

(FF), ocean (OC) and the terrestrial biosphere (TB) — forconsistentwith the previous work bBifouweling et al(2010),

both CT2011 oi and SiB and by region. The regions used\r/vho compared simulations ofgg, at four TCCON stations

are largely based on the TransCom 3 regidaar(ey et al. Irom a \lft\/lder rangtTI O]]: tr;:odelsd alnd fOLénd rr](_arrla_trk?b(ljy jll;mt-h
2002 — however, “Australia” is divided into four regions: arresufts across ail ot the modeis used, which included bo

2.3 Tagged tracer modelling with TM3

www.atmos-chem-phys.net/14/9883/2014/ Atmos. Chem. Phys., 14, 9881, 2014
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Figure 1. A world map showing the TCCON sites used in this study (green circles), other in situ sampling sites (red triangles) and the model
aggregation regions used in this study, which are based on the TransCom regions.

TM3 and TM5. This gives us confidence in using our de- Tropical Warm Pool International Cloud Experiment (TWP-
trended model runs decomposed into the component regiondCE) (Darwin) Deutscher et al2010 and Hlaper Pole-to-
tracers, although these simulations could still be sensitive tdPole Observations (HIPPOWpfsy et al, 2011) campaigns,
model biases that are common to all coarse-resolution globadnd agrees well with the remainder of TCCONMuynch et al.
models. For comparison in terms og¥,, the SiB terrestrial ~ 2010).
biosphere tracer is added to the fossil fuel, biomass burning The sites are situated in quite different environments. Dar-
and oceanic output from CT2011_oi, and then detrended. win, until the recent establishment of the sites at Ascension
Island and Reunion Island, was the only tropical TCCON
2.4 GEOS-Chem site. Wollongong and Lauder are both SH mid-latitude sites
) ) ) ) — however, Lauder is located inland, in a dry environment
To prowde model smulathns from a model outside the TM dominated by farming, while Wollongong is a coastal site
family, we include simulations using the CT2011_oi opti- close to well-populated areas and industry to the north, and

r2noléed _?Exes rur|1 via the GEOi-Chedm “?Od%bé/ Oestsal, native forest and less dense population to the south and west.
). The simulations are conducted using mete'Further details about the sites, their instrumentation, uncer-

olrlolggy from 2004 to 2010 mclol;swezlyé)E:ch proEegs IS mIOd'tainties related to the data and the smoothing of the model
elled as a separate tracer on‘aly 2.5 degree horizonta to account for measurement a priori and averaging kernels

grid with 47 vertical levels with hourly output. We do not given in AppendiA. As discussed in Appendi2, we
extensively use the GEOS-Chem simulations, as they are ®Xake a value of 0.4 umol mot to be the threshold for a flux

tremely si_mil_ar to.the simulations us_ing the TM3 and TM5 signature to be detectable in the TCCON measurements.

models with |dent|c:_;1I fI_u_xes, e>_<cept in Sect. 4.2 and to com- In situ FTIR analysersGriffith et al, 2012 have been op-

ment on small but significant differences. erating at Lauder since January 2007, at Darwin since March
2007 and sporadically at Wollongong. However, exploring

3  Measurement sites additional info on fluxes from remote, undersampled source
regions using surface-column contrasts at SH TCCON sites

We use measurements and simulations at the three existinglso requires careful characterisation of in situ measurement

Southern Hemisphere TCCON sites in Australia and Newerrors. This is beyond the scope of this study and will be ad-

Zealand: Darwin, Wollongong and Lauder. The details for dressed in future work.

these sites are given in Takleand they are shown on the

map in Fig.1. Calibration of these sites occurred during the

Atmos. Chem. Phys., 14, 9883901, 2014 www.atmos-chem-phys.net/14/9883/2014/
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Table 2. Sites used in this study.

Site Latitude Longitude Altitude Instrument Measurement
°S) (CE) (ma.s.l) years
Darwin 12.425 130.891 30 125HR 08/2005—present
Wollongong 34.406 150.879 30 125HR 05/2008—present
Lauder 45.038 169.684 370 120HR 2004—present
125HR 2010—present
4 Modelled variability in X co, at SH sites Table 3. Comparison of yearly trends between FTS measurements

and CT2011_oi smoothed columrcy,. All values are given in

. . . . umol mot1yr~1 + standard deviation.
Figure2 shows the measured daily average time series, along

with the CT2011_oi simulated time series, sampled at the gjie FTS CT2011 oi Global surface
measurement times and smoothed using the TCCON a pri- trend trend  trend

ori and averaging kernels (see Appendi). It is apparent
that there is a yearly increase of approximately 2 pmotthol

in the model simulated time series. Also obvious is that the
intra-annual variability, or seasonal cycle, is relatively small,

Darwin 2.17+0.08 1.93:0.05 1.96
1.85+0.10 1.98:£0.07 from monthly
2.01+0.07 1.92-0.06 differences ex-
cluding January—

but not fully represented in CT2011_oi. To further investi- June 2006
gate the magnitude of the seasonal cycles, we look now at wollongong 1.75:0.16 1.79£0.11 2.02
the detrended time series for each site. Lauder 1.84-0.04 1.86-0.04 1.96

The time series are detrended by removing the average
secular increase, calculated over an integer number of years, Calculated from the integer years 2009 and 2010.
and then setting the mean of the time series to zero. The cal-
culated trends are summarized in TaBl&Ve choose to use
independent trends for each individual site and model timeis quite small in comparison to the Northern Hemisphere
series, to encompass the different periods. The detrendefiCCON sites such as Park Falls, Biatystok and Orléans,
time series are then used to investigate the magnitude of variwhich have a measured seasonal cycle magnitude of around
ability observed and expected at each site. For the model]0 pmol mot! (Keppel-Aleks et a].2011). The cycle magni-
we can examine both the total signature igoX and the  tudeis, however, larger than our 0.4 pmol motletectability
components decomposed by process and source region. Foriterion. Regarding the shape of the seasonal cycle, Lauder
the fossil fuel tracer, we also investigate detrending with aand Wollongong follow something resembling a sinusoidal
parabolic, rather than linear, function to account for the ex-pattern, with distinct (as much as can be with a small ampli-
ponential increase in this tracer. Over the relatively short timetude) yearly maxima and minima, and period of one year.
series, the use of a parabolic fit instead of exponential cause®arwin shows more peculiar behaviour, with two distinct
differences of less than 0.05 umol mél Neglecting the cur-  maxima and minima each year, and the early 2006 minimum
vature, however, introduces approximately 2 pmolmalif- as seen in FigR2 in particular means that there is a large ap-
ference to the detrended time series and significantly impactparent measurement—model difference in DJF.
the variability inferred in the mean seasonal cycles (MSCs). Figure4 shows the modelled simulated MSCs for each site
To maintain the equality between the sum of the tracers andor CT2011_oi, both for the total COand decomposed by
the total Xco, we detrend all tracers with a linear function, source process. Data shown here are based on all model val-
but assess the interannual variability in the fossil fuel tracerues for 2003—-2010 inclusively. Also included are the total
relative to a parabolic function. CO, and terrestrial biosphere tracers using SiB. The MSCs
Figure 3 shows the derived MSCs. These are calculatedare seasonal anomalies with respect to a secular trend, and
from the monthly mean of the detrended and normalizedthe sign of the anomalies therefore does not necessarily re-
time series, averaged for each individual calendar month oveflect the sign of the fluxes themselves. The lines in the lower
multiple years. The error bars give an indication of the mag-(main) section of each plot show the MSC igg while the
nitude of the interannual variability, as determined from the upper panel gives the standard error in the MSC — an indica-
standard error for each month. From top to bottom (northtion of the interannual variability (IAV) in each component.
to south), we can see that the magnitude of the seasonal At all three sites, the simulated contribution of the fos-
variability in modelled X0, gets smaller, and in all cases sil fuel and ocean fluxes to variability is small, and the
the amplitude is smaller than that of the yearly increase, aterrestrial biosphere signal dominates the seasonality. For
0.8-1.5umol mot!. The magnitude of seasonal variability Darwin, there is a significant signal due to biomass burning;

www.atmos-chem-phys.net/14/9883/2014/ Atmos. Chem. Phys., 14, 9881, 2014
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Figure 2. Measured (black) and CT2011_oi modelled (red) daily W@ W R @'ﬁ Sl \>°q @®Q S ¥
average time series ofgf, at the three Southern Hemisphere TC- Month

CON sites. For each site, the difference between the modelled and
measured (measured—modelled) values is given in a separate pan&ligure 3. Derived mean seasonal cycles for the FTS (black) and
The model output are interpolated to the times of the FTS mea-CT2011_oi (red) time series for each site. The error bars are de-
surements, and then smoothed with the FTS a priori and averagingved from the standard deviation of the mean difference within
kernel profiles. each month from a secular trend, and give an indication of the in-
terannual variability. For Darwin, the MSC is derived from 2006 to
2010 inclusively, for Lauder 2005-2010 and Wollongong from only
the magnitude of seasonality with a late year maximum is2009-2010. For Darwin, a green trace is added to depict the mea-
0.5 umol mot, comparable with the limit of detectability. Sured monthly averages for the year 2006. Data gaps exist due to
Compared to CT2011_oi, SiB exhibits a larger seasonal Cy_in(:omplete measurgment recgrds, caused by a combination of poor
cle amplitude at the extratropical sites, and behaves quite diféasurement conditions and instrumental problems.
ferently around the change of the calendar year in Darwin.
With respect to the IAV, the terrestrial biosphere is the |
largest contributor at each site. The fact that the terrestriaL

biosphere 1AVs are generally larger than the 1AV in the to- dominating that analysis. Some additional qualitative analy-

tal Xco, implies that there is an anti-correlation between sis and discussion of the surface variability at the TCCON

the terrestrial biosphere anomalies and those of another PrQiios is given in the Supplement.

CESS OF Processes. Thg biomass burm.ng,_sur.prlsmgly, has the In terms of the seasonal patterns, the bi-modal seasonal-

smgllest IAV for each site, perhaps an indication tha’g the pre'ity previously noted at Darwin is driven by the terrestrial

Eﬁrr':iid BB_qu_xes do not capt_ure_ _the_ fuII_ 1AV o_f b|om_ass biosphere and dynamics, while the other sites show more
9 em|35|or_13_an_d real variability in this ﬂux_ IS a_scrlbed sinusoidal behaviour, with maximumgg, in mid-to-late

by the data assimilation system to the terrestrial biospher

. . . . Southern Hemisphere winter, also driven by the terres-
flux. Mu et al. (2011) indeed showed that including higher trial biosphere. The other flux components serve to slightly

freq.uency var|ab|l|t¥ in fire emissions improved model sim- dampen the terrestrial biosphere signal, and therefore the sea-
ulatlpns. The oceanic flux also has a sma}ll IA.‘V' n cont.ras'tz 45onal cycle. To investigate which region is the source of the
previous analysis (.)f the processes contrlbutmg to Va”ab'“tydouble seasonality at Darwin, we look at the TM3 model run
In surfac_e cQ (Nev_|st_)n et al_.zooa showsthatin the S_outh- with the source processes further decomposed by region.
ern Hemisphere this is dominated by the terrestrial biosphere

but also has a significant contribution to 1AV from oceanic

uxes. The total column therefore potentially is exposed to
ifferent signals than the existing baseline surface network

Atmos. Chem. Phys., 14, 9883901, 2014 www.atmos-chem-phys.net/14/9883/2014/
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Figure 4. Mean seasonal cycles (bottom panels) and interannual
variability (top panels) in the CT2011_oi simulation for the South-
ern Hemisphere TCCON sites Darwin (top left), Wollongong (bot- time lag exists between the fingerprint of the Northern Hemi-
tom) and Lauder (top right), decomposed by source process: totagpheric biosphere at Darwin and those further south. The
(black), blomas§ burning (red), ocean (blue), ter_restrlal blpsphereadvection of the NH %o, minimum is delayed at Darwin
(green) gnd fossil fuel (brown). The MSC for the Slsterrestrlal blp- é)ey approximately 4 months compared to the NH itself, and
sphere is also shown in dashed green. For each site the magnitu - . .
of the interannual variability is derived from the standard deviation around 6 monihs at th.e gxtratroplc?al S.Ites' The bimodal sea-
in the derived MSC. sonality seen at Darwin is a combination of the transport of
the Northern Hemisphere flux minimum with the minimum
produced from the biosphere in tropical Australia. The mag-
4.1 Regional decompositions nitude of the seasonality in the tropical Australian tracer is
similar to that from the Northern Hemisphere, though with
Attribution of CO, fluxes on regional scales via inverse a less regular pattern, including a mid-year peak overlaid
model systems still results in large discrepancies betwee®n a cycle that otherwise has a maximum in the Australian
models Peylin et al, 2013. This is especially true in regions Summer (tropical Australian wet season). In Wollongong,
with few atmospheric measurements, such as the Tropics ande significant contributors apart from the Northern Hemi-
Southern HemispherePgylin et al, 2013. Therefore, the  sphere flux are the temperate Australian region, as well as
following interpretations must be treated with caution. How- the combined South American and South African region. The
ever, from the models used in the RECCAP ensenibégfn South American and South African region also imparts a no-
et al, 2013, CarbonTracker sits close to the mean, and carticeable signal at Lauder. These model simulations indicate
therefore be considered somehow representative of our cuthat under-sampled regions impart observable signatures in
rent state of knowledge of regional-scale £fftix estimates the SH TCCON measurements. However, unless the error in
derived from atmospheric COnversions. Here we explore the estimated fluxes is of the same magnitude as the flux it-
sensitivities to regional fluxes based on the current knowl-Self, these data will struggle to provide further constraints on
edge, in the attempt to better understand these processes. fluxes from these remote regions until all potential measure-
ment biases are eliminated.
4.1.1 Terrestrial biosphere The regional decomposition of the SiB terrestrial bio-
sphere fluxes is shown in Fi§. The larger seasonal cycle
Figure5 shows the decomposition of the terrestrial biosphereamplitude in the SiB simulations compared to CT2011_oi is
flux signal by region. We combine all Northern Hemisphere due to the differences in form and phasing of modelled fluxes
regions except Southeast Asia and combine South Americrom a number of regions. The Northern Hemispheric signal
and South Africa. In both cases, the shape of the MSCs fronshows a broader peak with a less drastic drop-off than in the
the composite regions is similar, and the aggregation serve€T2011_oi simulation. At Darwin, the contribution from the
therefore to show the net effect more clearly. For each sitetropical Australian signal is quite different between the two
the effect of the Northern Hemisphere can be clearly seen. Anodels, leading to the late-yeagy, minima and absence of
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Figure 6. Regional decomposition of the mean seasonal cycles offigure 7. Regional decomposition of the mean seasonal cycles of
the terrestrial biosphere in the TM3 simulation with SiB fluxes. ~ biomass burning in the TM3 simulation with CT2011_oi fluxes.

the double-peaked seasonal cycle in the simulations with SiB 0.4
fluxes. The contribution from the SE Asian region also shows
considerably less seasonal variation in SiB than in the opti- 027
mized CT2011_oi. At Lauder and Wollongong the seasonal
cycle is primarily amplified by constructive superposition of

contributions from the Northern Hemisphere (with delay due .~ -02+
to transport) and the temperate Southern Hemisphere land-£

Darwin

= Tropical Aus

= SE Asia

= South Africa +
South America

. . . . . c e
masses, including an amplified contribution from the South § cout
. o th Al i
Island of New Zealand in the case of Lauder. $ o4 ° South Afica
= Darwin
= Lauder
4.1.2 Biomass burning 02 = Wollongong

Figure 7 similarly shows the breakdown by region for the
unoptimised biomass burning fluxes, however with a smaller 024
vertical axis range. The magnitude of seasonality is smaller . . . .

than the detectability limit in all cases, though at all sites 1/01/2004 1’01’200‘5%81’01’2008 1/01/2010

there is evidence of a signal from the combined South Amer-

ican and South Africa region, with magnitude close to this Figure 8. Time series of regional decomposition of the detrended
detectability limit. Jones et al(2001) have previously pre- time series for the South American and South African biomass
sented evidence of annual long-range transport of biomasBurning tracer at all three sites and the tropical Australian and
burning emissions being observed at Lauder. For Darwin, a>0utheast Asian tracers as sampled at Darwin.

local source from tropical Australia with an October peak is

also apparent. Biomass burning has a large amount of inter-

annual variability, so in addition to looking at the MSCs, in erally small, except for late 2006 when large fires occurred in
Fig. 8 we look at the detrended time series for a few of the Indonesia Nara et al.2011, Paton-Walsh et §12010. This,
tracers —the South America and South Africa region for eachand the peak years in the local fires, are of a magnitude that
site, and the tropical Australian and Southeast Asia tracer aalso could possibly be detected in the monthly mean TCCON
Darwin. The manifestation of the South America and SouthXco, values.

Africa tracer is very similar at all sites. Two years, 2007 and The biomass burning fluxes are prescribed in the
2010, have seasonal cycle amplitudes that are of a magnitudeéT2011_oi data assimilation system based on GFEDv3
that could allow them to be detected. At Darwin, the tropi- (van der Werf et aJ.2010. Any errors in the prescribed
cal Australian fire emissions show some interannual variabil-biomass burning emission estimates are therefore likely to be
ity, with large peaks in late 2003, 2004, 2007 and 2009 andattributed to co-located terrestrial biosphere fluxes during the
smaller peaks in other years. The Southeast Asian flux is gerflux optimisation process. We therefore investigate how well
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biomass burning events are observed in the measurements. Darwin
Here, we consider Australia and New Zealand to be local sig-  * P o8
nals for all sites, while South America, Southern Africa and | m= AUSUSEASia

60 — Biomass Burning

the Northern Hemisphere make up the remote component.
SE Asia is considered local to Darwin but not to the other <
two sites. Figured shows the linearly detrended time series
of Xco measured by the instrument at Darwin, along with the <, |
modelled biomass burning contribution t@g, from a com- B
bination of Australian and Southeast Asian fires. We use the
measured ¥o for validation of the modelled biomass burn-
ing fluxes, because CO is a good biomass burning tracer. In 20+
general, the timing of the features in both time series agrees . . . . . .
We” Mu et al(201]) pl’eVIOUS|y used &O fl’0m DaI’WIn and 1/01/2005 1/01/2006 1/01/2007 bate 1/01/2008 1/01/2009 1/01/2010
other sites to show that adding higher frequency variability . _ .
to GFED fire emissions improved the performance of modelFigure 9. Linearly detrended time series oigg measured by the
simulations. There are regular signatures each year throughCCON FTS at Darwin (brown) and the modelled contribution of
September and October (and occasionally later) except iraoc:al (Australian and Southeast Asian) biomass burning to thg, X
o . . red).
2008 when there are missing data during the biomass burn-
ing season. The large peak in 2006 was due to large Indone-
sian fires that occurred that yedaton-Walsh et 312010,
while the other peaks all result from regular Australian sa-4.2 Dynamics
vannah biomass burning. The background level in the mod-
elled Xco, after the large 2006 fires stays enhanced relativeA multi-model assessment of transport and transport errors
to the measured o, due to a persistent@p, signal from  is beyond the scope of this study, but we attempt to give
those fires that is evident significantly longer than the atmo-a quantitative assessment of the impact in interannual vari-
spheric half-life of CO {2 months). ability in the Southern Hemispherec¥, time series by per-
Using the detrended measurements, an emission ratiforming a model run using the analysed CT fluxes but us-
(CO/ COy) of 0.1 mol mot-tis inferred. This falls withinthe  ing meteorology for a single year, 2001, for the entire time
range of previously calculated emission ratios, such as thosseries. We then compare theg, time series simulated us-
from Andreae and Merlef2001) and Zhang et al.(2000 ing the repeating and standard meteorology. Figlrehows
(0.050-0.130 mol mof') for tropical forests, but is lower the monthly mean time series of differences for each site.
than the 0.171 mol mof calculated byNara et al(2011) for The largest differences are seen during the monsoon periods
the 2006 Indonesian fires and higher than savannah burningt Darwin, from January to March, with these periods indi-
from Andreae and Merle2001) andHurst et al.(1994) of cated by the grey shading. It is at this time of the year that
0.064 0.02 mol motL. The emission ratios assumed in the the Intertropical Convergence Zone (ITCZ) is furthest south.
Global Fire Emissions Database (GFEDv8arf der Werf  Circulation changes associated with El Nifio—Southern Os-
etal, 2010, the source of the biomass burning fluxes in thesecillation clearly play a role in transport-related interannual
model runs, for Indonesia and Northern Australia agree withvariability at Darwin. The upper panel in Fi§0 shows the
those ofAndreae and Merlg2001) for tropical fires and sa- standard deviation calculated in deriving the MSC of the
vannah and grassland burning, respectively. One would exdifferences, giving an indication of the contribution of in-
pect the CQ CO, ratio measured here to be biased low rel- terannual variability in dynamics to the variability inc, .
ative to the actual emission ratio, because of the relativelyOutside of the period in January to March at Darwin, the
shorter atmospheric lifetime of CO. Outside this event, theredifferences caused by interannual variability in meteorology
are a few periods of enhanced measureg Xot predicted in  are smaller than 0.2 umol mol, and generally smaller than
the model X%o,, especially in 2008. Based on the agreement0.1 umol mot. Despite the differences seen, the only in-
in timing between the modelled biomass burning tracer andstance where using fixed rather than varying meteorology im-
the measured column CO data, we conclude that the GFEDvBacts on the derivation of the MSC is in March at Darwin.
biomass burning estimate from local- to regional-scale fire To additionally assess the impact of the transport models,
sources is unlikely to be a leading source of biases in simulaand ensure that the use of models only from the TM family
tions of the Xco, at the Southern Hemisphere TCCON sites. does not bias our results, we include GEOS-Chem simu-
However, given the range of emission factors published, thdations. Comparison between GEOS-Chem, TM5 and TM3
magnitude is still uncertain. simulations using identical CT2011_oi fluxes for each of the
processes shows that there are very minor differences for all
three sites. Differences greater than 0.05 ¥pXoccur spo-
radically and only in the fossil fuel tracer, indicating some

nmol mol
2o
(__jow jowrf) "y

T

o
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Figure 10. (Bottom) The monthly mean time series of differences
between simulated o, with fixed 2001 or year specific mete-
orology, and (top) the standard deviation resulting from deriva-
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and Lauder the determined TCCON and CT2011_oi trends
are in good agreement, certainly within the estimated uncer-
tainties. For Darwin, the situation is more complex, but the
best agreement comes from a linear fit to the data exclud-
ing early 2006. The determination based on differencing also
agrees within uncertainties. The CT2011_oitrend is robust to
all calculations, but the FTS-derived trend is more variable.

Figure 2 shows the comparison between the daily aver-
age measured and model time series, along with the dif-
ference (measurement—-model mismatch) between them. The
most striking feature is the failure of the model to capture the
drawdown at Darwin in early (January—March) 2006 and to a
lesser extent in early 2007. The 2006 mismatch is quite large,
reaching 3 umol moi'. There is also some apparent pattern
to the mismatch at the other two Southern Hemisphere sites,
though not as pronounced as that for Darwin.

To assess the robustness of the attributions to potential er-
rors in the terrestrial biosphere fluxes we also include anal-
ysis based on the SiB terrestrial biosphere runs. Figdre

tion of the MSC of these differences, representing the influenceghows the daily average linearly detrended time series from

of interannual variability in dynamics on the interannual variabil-
ity in Xco,. The Southern Oscillation Index (accessed frottp:
/lwww.cpc.ncep.noaa.gov/data/indicesyseishown in blue.

potential differences in the timing of interhemispheric trans-
port.
5 Evaluation of the simulations using TCCON

Having examined the simulated variability, and drivers
thereof, in Southern Hemispheric column £&mounts, we

the TCCON measurements and both the CT2011_oi and SiB
simulations. For Wollongong and Lauder, the SiB-based sim-
ulation seems to have a larger seasonal cycle amplitude than
CT2011_oi. For Darwin, many variations are seen by both
simulations; however, in general SiB produces a late-year
minimum that precedes any minimum in CT2011_oi by some
months.

We also return to the MSCs, shown in Fi.Given that
there are only two years of overlap, we cannot reliably in-
terpret the Wollongong comparison. For Lauder, the differ-
ences between the modelled and measured MSCs are smaller
than the detectability when averaging over multiple years. In

now compare the simulations to the measurement time sebParwin the agreement is not quite so good, with the model

ries at the TCCON sites. The daily averageoXtime series
are shown in Fig2. In general, the north-to-south latitudinal

underestimating the drawdown that occurs during December
to February, resulting in underestimatinge in Decem-

gradient between the sites is evident. Before detrending, wder, and overestimating it in January to March. This differ-

compare the measured and modelled trends at the sites a
compare the measured and modelled time series.
The calculated trends are summarized in Tableo deter-

reahce is of the order of the detectability limit, but is obviously
strongly influenced by the years 2006 and 2007, where the
difference is quite large. The error bars give an indication

mine the trends for Wollongong and Lauder we take a simpleof the relative interannual variability between the model and
linear fit to the monthly average measurements and modemeasurements. The magnitude of the error bars indicates that

simulations. For Darwin, because of the relative irregular-

ity of the seasonal cycle, and interannual variability in fea-
tures such as the early year drawdown as seen inZHig.

at all sites the model predicts less interannual variability than
measured. The error bars also indicate that in Darwin there is
relatively little year-to-year variation during the middle of the

2006, we investigate various means of calculating the trend/ear, from May to September, corresponding largely to the
in the time series. These are the aforementioned linear fitdry season. There is considerable 1AV in the early months of
a linear fit excluding the early 2006 values, and a calcula-the year, no doubt influenced by the large drawdown apparent
tion based on a simple difference between months in the firsin 2006. In Lauder the 1AV is relatively consistent through-
(2005) and last (2010) years common to the measuremerdut the year; however, July and the early year exhibit larger
and model time series. That is, we take the average yearlyariability. In each case, the measured IAV is greater than the
change between September through December 2005 and thiketectability limit.

corresponding months in 2010. In Tal8ewve also present

The comparison with SiB (FidL1) also fails to reproduce

the global surface trend (Thomas Conway and Pieter Tanghe early 2006 minimum at Darwin, as well as regularly un-

NOAA/ESRL —www.esrl.noaa.gov/gmd/ccgg/trendsier

derestimating the ¥o, in the final months of the year. At

the time period of the FTS measurements. For WollongongWollongong and Lauder, SiB tends to estimate an earlier

Atmos. Chem. Phys., 14, 9883901, 2014
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Table 4. Root mean square (rms) calculated from the fit of the SiB

2
2:: and CT2011_oi based simulations to the daily average measured
ERE Xco,-
©
[a) 2 -
0 Site CT2011_0i-FTS SiB-FTS SiB-CT2011_oi
-2 —
4 Darwin 0.914 1.068 0.815
TFs Wollongong 0.870 1.089 0.604
%::_ . gTZOll_oi Lauder 0.798 0.875 0.524
_ = SiB
g 23|, Dlifference (CT-FTS)
2 4| Difference (SiB - FTS)
9 - . ' " 0 . . g .
g 2 e R TR YRR Ve TR hence we examine the possibility for this to cause the ob-
Z L i . Rk e served disagreement. To do this, we independently run a se-
'4 ries of regionally tagged monthly pulse fluxes during the year
’ of 2004, and examine their evolution in the model world at
the TCCON sites. The pulses correspond to the optimized

terrestrial biosphere fluxes for each region.

Figure 12 shows how the tropical Australian biosphere
flux pulses are observed at all sites, normalized to their long-
term effect on Xo,, that is, they settle to a normalized final
value of 1. Each pulse produces a maximugoXchange of
about 1.5 pmol mol?, with a small long-term effect of less
than 0.1 pmol mott. A mis-estimation of such a flux would

1/01/2004 1/01/2006 D oia12008 1/01/2010 fit well with what is seen in the mismatch — a short-term dis-
agreement that manifests itself in a net long-term effect that
Figure 11.Linearly detrended daily average time series of TCCON is close to zero. Given the lack of measurements available
(black), CT2011_oi (red) and SiB (green) at the SH TCCON sites,to constrain the fluxes in this region, and the small net sig-
and the differences between the two models and the measurementgg|, the net local flux could be biased in CT2011_oi by a
(top panels). large enough amount to account for the differences. We ex-
amine the effect of the tropical Australian biosphere at the
other Southern Hemisphere sites to see if they can be de-
maximum in the seasonal variation. A quantitative measurgected in the measurements there. Figl2shows the pulse
of the relative performance of CT2011_oi and SiB is given signals from the Australian tropical region at Wollongong
by the rms difference between the simulations and the dailyy,q Lauder, with smaller axis ranges. The signals seen here
average TCCON data (Tabi. For each site, the models  are also largest for February, but these still translatede, X
more closely resemble each other than they do the measurgyyes that are generally much smaller than the detectability
ments, but CT2011_oi provides a better match to the meajimit, |t is likely that such a signal, emitted from the Tropics
surements than SiB. This is a reflection of the lack of data;, 5 highly convective region, is therefore only detectable in
in the Southern Hemisphere available to optimize the fluxesine short term on local spatial scales, especially as the mag-
but that those data available do help to improve the fit to theyjtde relative to other fluxes is small. It can, however, have
measurements. _ a large short-term signal and therefore could be responsible

In evaluating the mismatches between the measuremenpr model-measurement mismatches observed at Darwin.
and model time series, we refer to simulations of the dom- \ye a1s0 examine the predicted and optimized fluxes for
inant factors in the variability of ¥o, at the Southern Hemi-  the tropical Australian region over the course of the mea-
sphere TCCON sites. Based on these, we expect that the migyrement period. Figur#3 shows the optimized terrestrial
match must be driven by local or remote biosphere, transportyjgsphere fluxes from tropical Australia for each year from
or biomass burning on the local to hemispheric scale. Wepqo5 to 2010. The years 2006 and 2007 have the largest Jan-

Lauder

now examine the terrestrial biosphere in detail. uary fluxes, and in no year do the fluxes increment from the
] prior estimate by a considerable amount. These are therefore
5.1 Local biosphere the years that the underlying biosphere model estimates to

. . . . have the largest respiration-based fluxes to the atmosphere
Given the relative lack of measurements in Australia and the, |4 2150 the years with the largest measurement-model mis-

Sé)_uthesrrgl-f|lem|sphecr:e 'E ge_lr_1erall, th_;’rﬁ is little (;r?:formanfon ©match. It is therefore very plausible that these could be over-
adjust uxes in CarbonTracker if they are different from g4 ateq fluxes, and as seen from the pulse runs, this could

the a priori. It v_vould ther.efore be unsurprising if the_re IS @ pave a large short-term impact on the modelled columns.
possible error in the estimate of the local biospheric flux,
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Figure 12. The time series of relative o, changes resulting from Figure 13. The optimized tropical Australian terrestrial biosphere
each month’s terrestrial biosphere flux in the tropical Australian fluxes for each year from 2005 to 2010.
region. The )Xo, values are normalized to the long-term value

caused by the pulse in question and therefore are always positive, ) . )
and indicate the relative ability of a flux from a particular month monsoons. They found that in CarbonTracker (in this case

to affect the X0, The effect of each month’s terrestrial biosphere with CT2010), positive rainfall anomalies correlate with pos-
flux reaches a maximum g, contribution of 1.5 umol motl at itive flux anomalies, and hypothesise that this is due to the
Darwin with a long-term effect of less than 0.1 umol mblat all lack of photosynthetically active radiation occurring during
sites. rainfall periods, but that the onset of the rainy season initi-
ates vegetation growth. As for northern Australia, the Indian
subcontinent has few measurement data included in Carbon-
o ) ) ] Tracker (see Figl) and therefore the posterior fluxes are
The timing and magnitude of local biospheric fluxes are yoorly constrained and highly dependent on the priors. This
likely to be affected considerably by the timing of the mon- nsitive correlation between rainfall and €@uxes seen in
soon onset. In the middle of the calendar year there is almosg arhonTracker is therefore probably driven by the GFED-
no rainfall, but still high Femperatures. P!anF photosynthesis,CASA priors and may be an incorrect response at the time of
and hence C®uptake, is known to be inhibited by water monsoon onset. As seen from the number of solar absorption
stress, and this is particularly sensitive at higher temperatureg,easurements obtained at Darwin in the 2005—-2006 mon-
(Chaves et a].2002. The sign of net ecosystem exchange goon season, there were still numerous sunshine hours that
could therefore change with the onset of the monsoon andyqu1d have facilitated photosynthetic activity.
consequent relief of water stress. Any interannual variability  njwa et al.(2012 showed that inclusion of aircraft data
in the timing of the monsoon onset could therefore have anni, 4 CQ, inversion significantly altered flux estimates over
effect on the timing of the beginning of the growing season. {he |ndian subcontinental region (their “South Asia”) com-
To examine this, we look at the rainfall measured at thepared to inversions based on in situ data and priors based on
Darwin ARM site, where the TCCON instrument is located. gjmilar priors to those used in CarbonTracker, including the

For each year from June 2005 to October 2009 we examyge of CASA as the terrestrial biospheric prior. The net effect
ine the cumulative rainfall between October 1 and Marcht the changed biosphere fluxes in this region is towards a
31 the following year. This period is chosen to approximate|grger-amplitude seasonal cycle, and an earlier uptake. While
the build-up and monsoon period. The cumulative rainfallsinis change is subtle, it does suggest that CarbonTracker and
are shown in Fig14. June 2005 clearly stands out as hav- cAsA may not correctly capture the impact of monsoon on-
ing a much earlier significant rainfall, with more than 30% ggt gn CQ biosphere fluxes.

on the total monsoonal rainfall having fallen during Novem-  1he recent paper bpoulter et al(2014), using a range

ber 2005. This could lead to an earlier relief of water stress ¢ ecosystem models, suggests that there is a strong correla-
and enhanc_ed photo_synthesis re_lative to Otht_ar years, Whi_chon between precipitation and annual carbon sink strength,
contrasts with the prior biospheric fluxes estimated, and isyhich is particularly evident in Australia. This is supported

a potential explanation for the mismatch between the mode}, satellite-based vegetation products and upscaled flux mea-

and the measurements seen in early 2006. Such a change &yrements. This further suggests that CASA may not cor-
weather is accompanied by a change in dynamics, and as @ctly model this short-term response.

result there could be an advective signal in addition to that e also now look at other possible drivers of this mis-
from the local flux. Unfortunately, no in situ GOneasure- 1 aich.
ments were available in Darwin in 2006.
Valsala et al(2013 studied the intraseasonal variability
of modelled biospheric COfluxes in India during summer
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Figure 15. The cumulative fractional go, change at Darwin due
to pulse fluxes for each month from the Northern Hemisphere boreal

. . . . terrestrial biosphere (top) and the changes observed i), Xue to
We previously diagnosed the influence of transport using thene optimized flux for each month.

TM3 simulation using fixed 2001 meteorology (Sett?).
The greatest variability in transport from the Northern Hemi-
sphere occurs for the tropical Darwin site. This variability ) ) ) ) )
occurs largely in the first months of the year, correspondingWh'Ch can be attributed to m_terhemlspherlc transport differ-
with the Indo-Australian monsoon season, and movement ofNces, do not occur at the time of the model-measurement
the ITCZ, both in the month-to-month variations, and the in- Mismatch, so the mismatch is not specific to the TM mod-
terannual variability for each month. The modelled transport€!S and their slow interhemispheric exchange. In addition,
from the Northern Hemisphere is essentially constant fromthe total influence of the Northern Hemisphere is only on
month-to-month and year-to-year at Wollongong and Lauderthe order of 1 umol mot™, so even if the strength of the up-
The consistency at these sites means that any modelled varfi@ké were to be underestimated by 40%, which is not true
ability in other NH tracers at these sites must be due to tem{or the CT2011_oi optimized fluxes, then the manifestation
poral variability in the corresponding fluxes. at Darwm WOl_JId not resultin such a large mlsmatch. A large
Previous studies have suggested that the magnitude of thghderestimation .of the flux would also result in a large net
seasonal cycle of biospheric uptake in boreal regions is un€fféct to the CQtime series (0.5 umol_mo} or greater) that
derestimatedeppel-Aleks et al.2012 Yang et al, 2007. Would need_ to be negated by _balancmg in another region or
We consider this, coupled with the delay due to meridionalVia contrgstlng flux at another time period. Th_e apparent slow
transport, to be a candidate for causing the model overesntérhemispheric transport of TM3 and TMS is therefore not
timation in early 2006 and 2007 at Darwin that is shown by the main driver of the mismatch seen at Darwin, but may
the model-measurement comparisons in Figsd3. To ex- still play a role in model-measurement disagreements in the
amine this possibility, Figl5 shows the manifestation of the Southern Hemisphere.
2004 NH boreal fluxes at Darwin. The maximum influence is
considerably earlier than the timing of the mismatch betweerb.3 Biomass burning
modelled and measuredcs,, suggesting that transport of
the boreal uptake period is seen in the columnp@&arel-  Given the interannual variability in the mismatch, biomass
atively quickly, within three to four months as also shown by burning is a prime candidate for being its driver. However,
the timing of the minimum in the Northern Hemisphere ter- the mismatch between the modelled and measured time se-
restrial biosphere tracer at Darwin. ThegSFFansCom study  ries at Darwin sees an overestimate of thgyXby the model.
(Denning et al. 1999 suggested that full 3-D (i.e. column) This suggests that biomass burning is not the cause of this
atmospheric exchange occurs about twice as fast as it manmismatch, as in general tropical biomass burning fluxes are
fests at the surface for TM3, and also found that TM3 hadlikely to be underestimated, due to, for example, small fires
a comparatively slow interhemispheric exchange time butnot captured in satellite fire counts or those obscured by
good agreement simulating §HElistributions.Peters et al. cloud (Randerson et gl2012). In general, however, the good
(2009 also show that TM3 and TM5 have relatively slow agreement between the timing of the measures Xnd
interhemispheric transport, influenced by slow vertical trans-modelled biomass burning contribution taz¢% in Fig. 9,
port within the models. However, the differences in the fos-along with the absence of a signal at the time of the mis-
sil fuel tracers between the TM models and GEOS-Chemmatch, suggests that any model-data disagreement due to

5.2 Influence of the Northern Hemisphere biosphere
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biomass burning is likely not caused by a mis-estimation of6 Conclusions
local biomass burning sources.

Figure8 shows that biomass burning signals from remote Through assessment of G@racers tagged by region and
regions are expected to manifest themselves in similar way$rocess, we have examined the drivers of variability #oX
at each of the three sites. Therefore, any mismatch betweeft the Southern Hemisphere TCCON sites. The local and re-
measurements and models should be seen similarly at amote terrestrial biosphere exert the dominant influence on
three sites, but this is not the case — the mismatches are mudiianges in Xo,. At Darwin, these contribute seasonal varia-
smaller at Lauder, while the Wollongong time series does notions of approximately 0.8 and 1.0 umol méj respectively.
overlap at the time of interest. The timing of the biomassAt Lauder and Wollongong the remote terrestrial biosphere
burning signal at the sites (maximum at the change of thesignals are of the order of 0.6 umol md| while at Wol-
calendar year) would have the right phase to account for théongong the Australian region also contributes a signal of a
Darwin anoma|y’ but the magnitude is far too small to ac- similar magnitude. In addition to the signals from the bio-

count for the differences of up to 3 umol mélseen. sphere, local- and hemispheric-scale biomass burning can
also provide signals above the limits of detectability to a total

of approximately 0.4 umol mol on average. Comparison of
model simulations with Southern Hemisphere TCCON mea-
surements show that neither the CarbonTracker data assim-
ilation system nor fluxes from the Simple Biosphere model
capture the strong decrease igg$ observed in the tropical
monsoon season at Darwin, especially in 2006. This draw-
down is associated with a monsoon season with an unusu-
ally early significant rainfall, which we propose results in
early relief of water stress limits on photosynthesis. An ex-
tended time series of TCCON data and surface in situ trace
gas measurements at Darwin will be crucial to confirming
this hypothesis. The CarbonTracker model simulation shows
better overall agreement with the data. However, both mod-
els show better agreement with each other than the measure-
ments. The influence of interannual variability in dynamics
is assessed, which contributes significantly in the monsoon
period at Darwin, due to variation in ITCZ behaviour asso-
ciated with the El Niflo—Southern Oscillation. Overall, the
Southern Hemisphere TCCON measurements provide addi-
tional information on CQ flux estimates in Australia, and
the Southern Hemisphere would benefit from additionap CO
measurements to constrain estimates of biospheric fluxes in
this region.
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Appendix A A2 Data uncertainties

Al Instrumentation As a product of measurements, TCCON data are not without
uncertainty. For example, despite the application of a cor-

All three sites are equipped with similar instrumentation: rection for a known airmass_dependent artif@el(ltscher
Bruker IFS125HR FTIR spectrometers. At Lauder a Brukeret al, 201Q Wunch et al. 20118, some known airmass-
IFS120HR (the predecessor to the 125HR) was used frongependent biases remain. To assess this effect, we vary the
2004 until 2010, when a 125HR instrument was com-airmass corrections b¥50 % in a sensitivity study. This re-
missioned and became the site’s primary TCCON instru-sults in changes to the amplitude and phase of the seasonal
ment. Spectra are simultaneously collected using two roomgycle that depend on site. The maximum difference in the
temperature Operated detectors, indium galllum arsenide (lnderived month|y means 0.2 pmo] mot? at Wo”ongong,
GaAs) covering 4000-11000crh and silicon diode (Si)  +0.3 pmol mot? at Lauder, and smaller at Darwin due to the
covering 10000-30000cm, with the spectral range re- relatively smaller variation in air masses observed through-
stricted to below the laser frequency (15798¢inby ared  out the year. Other measurement uncertainties can occur due
filter at 15500 cm'*. to instrument drifts and inter-site differences as well as the

To retrieve column amounts of the gases of interest, thesimple measurement repeatability. The instrument drifts and
program suite GGG described Wunch et al.(20118 is  inter-site differences are minimized by detrending the time
used. For this analysis we use the GGG version released Oferies and norma"zing toamean of O pm0| molThe clear
24 February 2012, hereafter referred to as GGG2012. CarbOQky precision, a metric of measurement repeatabi”ty, has
dioxide is retrieved from the spectra in two spectral windows, heen estimated previouslpéutscher et 31.201Q Keppel-
centred at 6220 and 6339.5C Xco, is calculated via ra-  Aleks et al, 2007 from the standard deviation within a day
tioing to the retrieved oxygen column, retrieved in a win- as being better than 0.4 pmol mél Here, we are however
dow centred at 7885 cnt. Ratioing to the atmospheric0  interested in the ability of the measurement to capture the
column removes uncertainties and scatter caused by effectpue average atmospheric state within a day or month, and
common to both the Cand G retrievals, such as surface we can therefore use the standard error to define its cer-
pressure variations, which would mask flux signatures in thQainty_ For da||y means, and month|y means Subsequenﬂy
column abundances) and some instrumental errors, such aferived from the daily means, this is on average better than
solar tracker pointing errorfgutscher et al201Q Washen- 0.1 pmol mot1. We combine this in quadrature with the un-
felder et al, 2006 Wunch et al.20113. In addition, each site  certainty introduced by the airmass correction to yield an un-
uses standard TCCON procedures, including the correctioertainty of 0.32 umol moft. When looking at signals that
for source brightness fluctuations that also reduces scatter imight be detectable by these TCCON measurements, we
the retrieved Xo, (Keppel-Aleks et a.2007). therefore take a value larger than this, 0.4 umolmhpto

The spectral fitting is performed using a profile scaling constitute a detectable signal. This is a conservative estimate

technique. In this method, the shape of the vertical gas propecause it does not exploit any information about the phase
file in the atmosphere is not changed, but is scaled iterativel\gf errors in the airmass correction.

to provide the best match between the measured spectrum,

and that calculated from the derived gas amount, instrumenf3 Comparing TCCON data to atmospheric models
function and spectroscopic parameters. The shape of the gas

profile is set via the a priori — for C&this is a daily profile ~ When comparing the TCCON data to atmospheric model
based on a climatology generated from the GLOBALVIEW Simulations, the a priori assumptions and vertical sensitivity
product GLOBALVIEW-CO», 2011), changing with date ©f the retrieval need to be taken into account. This process,
and latitude. The stratospheric component of the profile isfollowing the formulation ofRodgers and Connd¢R003 is
generated from the age of air relationship describedry ~ called smoothing, and requires knowledge of the TCCON
drews et al(2001). The a priori profiles for each site and fur- @ priori and averaging kerneWunch et al.(2010Q recom-

ther details about them are givenWunch et al(2011H. A mended a slightly modified formulation because of the fact
summary of the uncertainties associated with TCCQfbX that the averaging kernels are calculated with respect to the
is also provided in Sect. 4b, Table 2 and Fig. 7 of the samdetrieved, rather than the a priori, profile, however, the Wunch
publication. Prior to daily averaging, measurements are fil-€t al. (2010) and Rodgers and Connor (2003) formulations
tered based on a range of quality control criteria, including,are negligibly different £ 0.1 pmolmof?). The smoothed

but not limited to, solar zenith angles less than &&d so-  Xco, values are described by the equation

lar intensity variation of less than 5% during the course of a

scan. cs=ca+h'a" (xm—xa), (A1)

wherecs andc, are the smoothed and a priori @@olumns,
respectively describes the column summatians the FTS
averaging kernel, in this case for @@nly, andxy andx,
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are the model and a priori dry-air mole fractions. The av- For each FTS measurement, we interpolate between the
eraging kernel describes the sensitivity of the retrieved col-CT2011 oi model times that bracket the time of spectral col-
umn to changes in gas amounts at each of the retrieval gridection, thereby generating a model profile corresponding to
levels. Variability in TCCON averaging kernels is largely de- every measured CQrolumn. For comparison to the TCCON
pendent on the viewing geometry —i.e. the solar zenith angletime series, we smooth the model output using the TCCON
The solar zenith angle dependence of the averaging kernels & priori and averaging kernels, following the formulation of
very similar between Southern Hemisphere sites, and indee®odgers and Conng2003. A smoothed model ¥o, value
with those network-wide, as shown Wunch et al(2011h is therefore created corresponding to each FIp,Xmea-
for Lamont. We therefore use the standard site-independergdurement. In treating both the model and the measurement
TCCON averaging kernel product, which tabulates the av-data in the same fashion we therefore eliminate potential bi-
eraging kernels at five degree solar zenith angle intervalsases in the comparison that could arise due to, for example,
The standard product is interpolated to the measurement sa@lear sky and daytime only sampling, as well as any bias that
lar zenith angle to estimate the averaging kernel for the givercould occur from non-uniform time distribution of FTS mea-
measurement. We performed a sensitivity study to look atsurements when averaging the FTS data to CT2011_oi time
the effect of using the standard averaging kernel parameteresolution. The difference in monthly means caused by the
ization instead of the averaging kernels calculated for eaclFTS sampling bias is calculated by comparing all daytime
retrieval, and the errors introduced are considerably smallesmoothed CT2011 o, values to those sampled at the FTS
than 0.1 umolmot!, even when extrapolating to low solar times, and the difference is less than 0.2 pmolThol
zenith angles at Darwin. We have made no assessment of the accuracy of the strato-
spheric component of the model profiles, but any errors there
could contribute to a spurious seasonal cycle.

Atmos. Chem. Phys., 14, 9883901, 2014 www.atmos-chem-phys.net/14/9883/2014/
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