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Abstract

The annual average Gdifference between baseline data from Mauna Lehthe Southern
Hemisphere increased by ~Op8nol mof! (0.8 ppm) between 2009 and 2010, a step
unprecedented in over 50 years of reliable datafideno evidence for coinciding, sufficiently
large source/sink changes. A statistical anonsalyiikely due to the highly systematic nature
of the variation in observations. An explanationtfe step, and the subsequent 5 year stability
in this north—south difference, involves intertigpheric atmospheric exchange variation.
The selected data describing this episode provideiteal test for studies that employ
atmospheric transport models to interpret globab@a budgets and inform management of

anthropogenic emissions.

1 Introduction

The record 2009-2010 increase in annual meandift@rence between hemispherA§ins,
was reported by Francey et al. (2013) using data fMauna Loa (mIp20°N, 156°W, altitude
3.4 km) and Cape Grim (cgd1°S, 145°E, 0.2 km) or South Pole (sp0°S, 2.8 km). In the
context of seeking an explanation for decadal difiees between the fossil emission trends
and trends in atmospheric €@rowth rate, they attempted an empirical correctoy reported
natural influences on CQyrowth using multiple regression of reported wités, volcanoes
and El Nino—Southern Oscillation (ENSO) with £@cords. None of these reported influences

showed statistically significant anomalous behavinuhe 2009-2010 period.

A Commonwealth Scientific and Industrial Researaigadisation (CSIRO) inversion which
deduces surface fluxes from atmospheric GBservations is based on atmospheric transport
descibed by the Cubic Conformal Atmospheric Mo@&AM, McGregor and Dix, 2008). This
explains the 2009-20XC with a 2010 Northern Hemisphere (NH) source enAkian region,
distributed widely enough to be unverifiable by tloon-up” methods (Rachel Law, private

communication).

However, Poulter et al. (2014), using a terrestsiabeochemical model, atmospheric carbon
dioxide inversion and global carbon budget accogninethods, suggested that tk@mio-cgo
step might be explained by a record 2011 land ecadotk located in the semi-arid regions of
the Southern Hemisphere (60% of which was in Aliajta
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Furthermore, Patra (2015) demonstrated consistamc3009-2010 between their ACTM
simulations ofACmio-cgo @nd fluxes obtained from an inversion model. Hosveyrom the
limited information available, it seems likely tHaith theACmio-cgoand the inversion fluxes are
dependent on the same transport parameterisaindsso are not independent. His comment
prompts a question about the effectiveness af tB€asurements to “diagnose” model L£0O

inter-hemispheric transport.

In order to address the apparent conflicts, we igpg@d&» measurements and search more widely
for concurrence with independently determined pa&tans, including other trace gas species
and atmosphere physical parameters influencing thgtribution.

We are informed by a companion paper examing piateias in the two largest terms in a
global carbon budget (Francey et al., 2016). Thegudhent significant reductions in
susceptibility to bias in atmospheric €@easurements since the 1990s and express concern
about spatial representation of reported>@@asurements, e.g. in monthly averaged data.
Mismatch between the inversion model gridscale thiedscale of C®representativeness at
observing sites can introduce significant uncetyain inversion modelling that may act to

obscure large-scale systematic Z@haviour.

2 Updated CO 2 Data

Inversions of CQdata effectively interpret CGspatial and temporal differences in terms of
surface exchanges. Thus, Figure 1 illustrates ggehof difference, namelCn.s and dC/dt,
in quality data with maximum spatial representatidiethods to obtaith Cn.s and dC/dt from

monthly flask data are descibed in Appendix A.

The updated spatial comparison®\@h.-s in Fig. 1a highlight the largely consistent res@itom

the 1990s using data from flask samples colleateldhaeasured by the CSIRO, by the National
Oceanic and Atmospheric Administration (NOAA, Dlkgocky et al., 2014) and by the
Scripps Institution of Oceanography (SIO, Keelingle, 2009) networks. For perspective, a
comparison is also made with a linear regressiooutfh the SIO 5-decad®Crmio-spo record.
This shows an overall increase, generally attrithtvethe increase in Fossil Fuel (FF) emissions
(Boden et al., 2010), which occur predominantlyhia NH.
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Annual global FF, including the Francey et al. (20%uggested correction, are scaled and
included to run parallel to th&C slope in Fig. 1a in order to emphasize the udusagnitude

of the 2009-201AC step. From this perspective the 0.8 ppm stepeifesult of an anomalous
flux, would equate to an annual 1.6 PgC (NH) souaree sufficiently large and rapid that
detection by bottom-up studies might be expected.

Also in Fig. 1a, the unusual post-208€ stability compared to the earlier record is obsgio
Since methodologies have not significantly changeer this period it suggests that

measurement error is not a factor and the vartgliithe pre-201@Cn.s data is not random.

The temporal differences, dff in Fig. 1b, show inter-annual variability on 3 tgéar El Nifio—
Southern Oscillation (ENSO) timeframes. Using CCAdsinsport to invert COandd*CO;
observations, Rayner et al. (2008) concluded thaforced primarily by climate variability on
the equatorial land biosphere. This conclusionoissistent with the observation of limited
influence onAC for equatorial exchanges in Fig. 1b, to be diseddurther below. However

the question of spatial representativeness ofdleeted CQrecords is addressed first.

The hemispheric representativeness of baselinefidatathe mlo and cgo monitoring sites is
supported by a study of aircraft vertical profil@s12 global sites conducted in maximum
convective conditions near midday (Stephens e280y7). The lower levels (<1-2 km) of all
12 vertical profiles exhibited seasonal variatiesulting from climate influence on regional
surface carbon reservoirs. The amplitudes of tae@®al variation at mlo and cgo are the least

in their respective hemispheres, which aids définiof inter-annual variability at these sites.

While the spo data closely track cgo dataj other mid-to-high southern latitude (SH) sites
the CSIRO network (Francey et al., 2013), the sitnais less clear for mlo because of NH
heteorogeneity and downwind proximity to Asia. Aspible recent contributing factor at mlo
may result from geographical susceptibility to chpincreasing SE Asian pollution, “rapidly
transported to the deep tropics” (Ashford et &1%). In Figure 2 we demonstrate similarity in
year-to-year changes IC using both Pacific and Atlantic extra-tropical Mkes from the
NOAA network. The similarity is particularly sigmant in sign and magnitude for the two
largest observed changes in 2009-2010 and 2002-2008/ing that especially for these
periods mlo represents NH behaviour.
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During 2009-2010, dC/dt show a larger NH ENSO pédding that in the SH by around 6
months, a phase difference not observed for otigerfisant El Nifio peaks in Fig. 1b. This
implies either an undetected NH source, or possilyid changes in inter-hemispheric (IH)

transport.

Poulter (2015) raises the issue of relative tinohtheAC step and the response of SH savanna
regions to the end of drought. To clarify this welude Figure 3, showing CSIRO monthly
baseline concentrations at mlo and cgo throughptreod. To aid discussion, the seasonal
variations are compared to quadratic fits to th82t2014 data for each site, offset by + the
long term amplitude of the seasonality, + 3.3 pgné ¢ 0.5 ppm peak-to-peak) at mlo and £
0.55 ppm (1.10 + 0.2 ppm p-p) at cgo.

There is a change in the mlo seasonality (the 2@8@8onal amplitude is the smallest and the
2010 amplitude the largest in this plot) betweed®énd 2010 which is of a sign and magnitude
that most easily explains the 0.8 ppm step in dnauverage difference®Cmio-cgo Slightly
lower CQ in the cgo baseline data in the 2010-2012 peraddcpossibly be associated with
a SH sink. However, the unusually large negatiesseal excursion from the mean, at the end
of the 2009-2010 spring-summer uptake season,fasebthe October 2010 to March 2011
record floods in Northern Australia which were itiBed as a trigger for the savanna response
by Poulter et al. (2014); furthermore the negatiye is followed by a near-average positive
seasonal excursion in late 2010. Conventional gegmmns of the Cape Grim seasonality have
contributions from SH biosphere, seasonal SH odeamperature changes and ~6-month
delayed NH biosphere signals (Law et al., 2006plstas et al., 2013); failure of a delayed NH
signal to reach Cape Grim might also contributdotw SH autumn C@ at Cape Grim.
Nevertheless, a small contribution from a SH téni@ssink is difficult to exclude in 2011 and
2012.

This question was further addressed at the 20141&@ape Grim Science Meeting by Xingjie
Lu, Ying-Ping Wang and Rachel Law (Ying-Ping Wan&achel Law, personal

communications). They used the Community AtmospliBosphere Land Exchange model
(CABLE, Law 2014) to simulate Net Ecosystem Progiucanomalies over the 2001 to 2012
period, finding SH anomalies that were mainly citmited by Argentina and Australia in 2010
and 2011. The timing of their terrestrial respoissg@milar to that of Poulter et al. (2014). They

investigated how the inter-annual variability ie tBABLE biospheric fluxes affectéCmio-cgo
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using CQ response functions from the CCAM atmospheric modéien the CCAM C©®
response functions are modified to represent beselata (at cgo the 20-30% of time with
strong winds over the southern ocean) this tera¢stignal is sufficiently diluted into the large
well-mixed troposphere at mid-to-high southerntlates to be reduced to insignificance in the
reconstructedCnmio-cgo With their approval, the relevant CCAM modellingns are included

in Supplementary Information. This example highlggh requirement for high time resolution
transport modelling coupled with similar resolutionthe CQ data if such events are to be

correctly attributed.

Finally, independent evidence for the NH origirtted 2009 to 2010 COAC step comes from

a recent analysis of upper troposphere measurerfenid latitude bands between 30°N to
30°S (Matsueda et al., 2015) where the step iseavidorth of 10°N. These authors suggest a
role for transport, as well as source/sinks, tdargheir year-to-year variations in latitudinal
differences.

3 Responsesin AC and dC/dt to Other Recent Source/Sink Anomalies

Before examining a likely role of atmospheric tnams in AC variations, we briefly examine
Fig. 1 at the times of the major post-1992 indepaiig-documented anomalous &€€burce/
sink activity: the 1997-1998 Indonesian peat fitbg, 2002—-2003 NH drought and boreal
wildfires, and the 2008 Global Financial Crisis.

* The 1997-1998 Indonesian peat fires correspontkttargest EI Nino peak dC/dt, and
was estimated as contributing around 1 Pg C (6iedithe mean Equatorial Asia
emissions) to the atmosphere in 1997 (Page €G09; Giglio et al., 2013). In Fig. 1
there is a small increase MCn.s, with a barely significant larger NH dC/dt peak. A
small response might be explained if the emissaresmixed into both hemispheres.
The possibility that changes in IH mixing may atsmtribute toACn.s, is discussed
below.

* While the 2002—-200A Cn-s in Fig. 1a is the second largest year-to yeareiaee (see
also Fig. 2), it is also the largest differencd@/dt between the hemispheres. Year 2003
corresponds to drought in Europe “un-precedentethglihe last century”, releasing
~0.5 PgC yt (Ciais et al., 2005), adding to 2003 GFED4 fireismions in boreal
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America and boreal Asia of 0.31 PgC, 2.5 times1B87-2013 mean (Giglio et al.,
2013). However for emissions spread evenly oveullaykar, a relatively smal\C
impact is expected since the 2003 NH FF combustias ~7.5 PgC compared to < 0.7
PgC from the non-FF sources.

« The Global Financial Crisis (GFC) of 2007-2008 éPetkt al., 2012) coincides in Fig.
1b with the only occasion when the NH dC/dt ENS@kpis markedly smaller than that
in the SH. While 2008, 2009 are the two lowest gldibe emission years in the GFED4
database, combined boreal emissions are near aydeaguring the GFC as a more
likely explanation for the dC/dt behaviour. Howeueis less clear that relatively low
2008, 200AC in Fig. 1a are attributable to the GFC, and aibdes contribution from

IH exchange is also examined below.

4  Anomalies in Annual Interhemispheric Mixing

Meridional transport and eddy mixing due to largale eddy motions are sources of significant
uncertainty in estimations of IH transport (Miyazakal., 2008). Here we examine the role of
the opening and closing of the upper troposphepi@torial westerly duct, and associated inter-
hemispheric Rossby wave propagation, as a contritatthe 2009—-2010Cmo-cgo Shift, and

other variations, shown in Fig. 1a.

Extra-tropical NH Rossby waves, including a brantkthe Himalayan wave-train, are able to
penetrate into the SH when near-equatorial zonadisvare westerly in the upper tropospheric
duct centred on 140W to 170W and 5N to 5S (Welmter Holton, 1982; Frederiksen and
Webster, 1988; Webster and Chang, 1988). This megodelineated and its tropospheric
relevance revealed in Fig. 4a showing stronglyetated upper tropospheric westerly winds
with the Southern Oscillation Index (SOI) over th# 1949 to 2011 wind reanalysis dataset
(http://www.esrl.noaa.gov/psd/data/gridded/datgprreanalysis.html).

The wind direction and strengthq(e in this duct are determined by seasonal and ES&S0

surface temperature variations; the upper troposphesterlies are strongest in the boreal
winter, and during La Nina periods, when they aveelated with proportional increases in
near-equatorial transient kinetic energy (Fig. @ederiksen and Webster, 1988) which

facilitates inter-hemispheric mixing of trace gas&tsother times, including El Ninos, thautt
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are near zero or easterly, causing the Rossby wddes to be deflected northwards and
dissipated in the equatorial regions, inhibitingerrhemispheric exchange.

For the period July 2009 to June 2010 the aver@@Ra equatorial zonal winds in the duct
region were easterly as shown in Fig. 4c, effettiesing the duct and increasing the build-
up of FF CQ in the NH. The July 2008 to June 2009 open duttepa with westerlies in the
duct, is shown in Fig. 4d. (Appendix C addressesdititude range involved in this process.
Note also, the meridional wind may make a smaltrdoution to IH transport in the duct region

during this time).

Fig. 4b shows the 300hPa zonal winds for July 20QRine 2009 (Fig. 4d) minus those for July
2009 to June 2010 (Fig. 4c) and the pattern besrsgsimilarities with the long-term zonal

wind versus SOI correlation in Fig. 4a.

5 Trace gas interhemispheric exchange through the d uct

Inter-hemispheric exchange of a seasonally vargaggby this process depends on co-variance
with uquet, @and is represented in Figure 5 by the producharfthly wuct andAC for routinely
monitored CSIRO species C= g@Hs, CO and H. The direction of a step iC depends on
the magnitude and sense of the trace gas IH graglieen the duct is open. The seasonality at

mlo and cgo for the different gases are given ipgkementary Information.

In the top panel monthlyqu: are plotted over red and blue shading represemingfio and
La Nifa periods respectively. We add symbols cotatkby a solid line that are an integration
of the NH winter peakSuquct (October to April) for a nominalsus 2 mst, in order to better

compare year-to-year changes in the strength aradioln of the seasonal duct exchange.

Fig. 1 is re-examined in the light of variations¥yuct Of the seven lowe&uguct in Fig. 5,
1992, 1995, 1998, 2003, 2005, 2007 and 2010, shespond to pealiCmio-cgoin CSIRO data.
Differences between laboratories are more markémrdéhe mid-1990s in Fig. 1a, marking a
period of significant improvement in inter-labomtauality monitoring (e.g. Masarie et al.,
2001) but also influenced by the major perturbatootie carbon cycle associated with the 1991
Pinatubo eruption. However the relationship wlbauctis, in the main, supported by SIO and
NOAA data.
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The two extreme cases of duct closttes(c: <10 ms') since 1992 in Fig. 5 are in 1997/98 and
2009/10, showing up as a marked absence of a sddsbaxchangeXC.ujuc) for CO, CHs
and CO. If the Fig. 1AC step in 2009/10 is attributed to duct closurethsimilarAC change
might be expected in 1997/98, however it is less thalf that in 2009/2010. The record £O
response to the 1997/98 equatorial anomaly, asedciaith prolonged equatorial peat
combustion (Section 3), is a possible explanatmmaf smaller response. The next lowest
seasonally integratefuguc: ~ 10 mst in 2003, has the next largeSE increase in Fig. 1a and
Fig. 2, strongly suggesting reduced seasonal IHspart. This complicates surface flux

estimates from the inversion of @6patial differences by Rayner et al. (2008).

Switching focus to the positive excursion&imuc, these are associated with increased strength
of mixing through the open duct. Compared to presibehaviour, the magnitude of exchange
(AC.wucy) immediately after the exended duct closure fraig 2009 to June 2010 is the largest
for each gas in Fig. 5, in part reflecting the fat 2010-2011 La Nifia corresponds to the
most intens&uguct Since 1990 (top panel Fig. 5). The unusual spepiebange at this time is
most marked for C&and H, which we mainly attribute to the fact that thege gases exhibit
the most significanAC trend (CQ positive, B negative) over the two decades; also each has
seasonal concentration amplitudes that are thedaxgpmpared to mean annual IH gradients
(Supplementary Information).

Through the four “duct-open” periods after 201@.Hia showACO: to be practically constant,
a phenomena difficult to explain with known souste# behaviour. During this peridlgyct
monitonically decreases; the const&d@ might be explained if the decreasiBgquct are
matched by decreases in the annual fossil fuel somisincrements. Boden et al. (2012)
estimate the annual increments in FF to be 0.5IRgD10, 0.3 PgC in 2011 and 0.2 PgC in
2012, supporting this interpretation.

6 Isotopic evidence of systematic ~ AC variations

While covariance between atmospheric transporttandstrial biosphere activity referred to

as the “rectifier effect” is an important componanglobal carbon budgeting (Denning et al.,
1999), it concerns seasonal variations in thehdepthe atmospheric boundary layer rather
than the abrupt upper atmosphere transport thrthegbuct described by Fig. 5.
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Measurements of the stable carbon isotope in athergpCQ have the potential to clarify the
240 relative importance of modes of atmospheric behavdmAC. This depends on the fact that an

atmospherid®C0O, anomaly is redistributed in the environment mapidly than al’CO;

anomaly, Tans et al. (1993). This isotopic equélilam process is facilitated by the large gross

turnover of CQ with oceanic and terrestrial reservoirs. It cdieot the elapsed time since an

emission anomaly occurred, and is examined belovwedyparing monthly with annually
245 averaged data.

Measurements of the ratio of stable carbon isotdp@42C, in atmospheric Cfare described
by a reduced ratid**C expressed in %o; tH€C content can be conveniently represented by the

product C3'3C, see Appendix B.

The dominant hemispheric G@missions are NH FF combustion and forest respiral hey
250 each contain carbon that has undergone similarigis@tion against the heavier isotope
during photosynthesis. These sources are moretddpie **C content than other possible
sources, e.g. using Lloyd & Farquhar (1994) esw®aif global discrimination relative to
ambient atmospheric GOforest carbon is globally ~ 18 %o lighter, savaignasses are 4 %o

lighter, and ocean carbon is in close equilibrigeng. -18 %o equals -1.8 %).

255 Despite having similar isotopic composition, thepimt of recent forest exchange and FF
emissions on atmosphe®3C can be different. A convenient demonstration ukesdirect
monthly relationship betweet*C and C (only valid over small ranges of C), whiicithe NH
is characterized by -0.05 %o ppnand, since the seasonal variation in the SH idIsthés
relationship exists for monthly NH-SAS'C. On annual timescales the C &% seasonal

260 variations are largely cancelled, with negligibtatribution to IH differences amdiC changes
are dominated by the steadily accumulating NH Fisgions that have greater opportunity for
isotopic equilibration, which is evidenced over thst two decades by the observed mlo-
cgoannual averagédd'C /AC of -0.027 + 0.003 %o pprh

Significant in the present context however, ovex timited excursion range of annually

265 averaged CSIRO pre-2010 data NH-88°C = -0.050(+0.004)C + 0.062 %o (r2 = 0.92),
identical to the monthly co-variations A&'°C and suggesting involvement of un-equilibrated
forest CQ.

10
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Francey et al. (2013) reported a synchronous dgeli@sstable carbon isotope ratio at the time
of the 2009-201@ACO; increase, measured in the same flask air samplesse data are

updated in Figure 6 and provided as Supplementdoyrhation.

Fig. 6 plots the relative IH spatial changes'i@, represented by (&3Cnn — C5Csh),
compared to those #C (using Giu-sh, since C is 99%72C) in the CSIRO, NOAA and SIO
samples used in Fig. 1a. All three data sets, anicplarly CSIRO, show a linear relationship
including the pre-2010 scatter, the 2009-2010 stegh subsequent data. The slope of the linear
regressions represents the sum of source disctiminand ambient atmosphedt®C (Enting

et al., 1993; Enting 2006).

Thus with the Lloyd and Farquhar estimate of gldba¢st discrimination of -18 %. and an
atmospheric value of -8 %0 (e.g. the seasonal mimmatimlo in 2009/10), the -26.1 %o slope
for the CSIRO data is near the most negative guatied value, excluding significant influences
of other possible COsources such as savanna grasses, and excludmfcaigt isotopic
equilibration that occur on longer than seasoma¢tiames, all of which result in less negative
slopes. These data strongly favour a major rolégHerduct transfer mechanism, for both the
step and prior variability, since it occurs closére seasonal Geak §3C minimum) of NH

terrestrial biosphere respiration in Fig. 5.

The relationship is far less well-defined in the ADand SIO data with regression slopes of -
20 %o and -17 %o, which, while both favouring C3 sms, do not exclude significant
contributions from other sources, including annudiktributed, equilibrated FF GONote
however, that if the 2009-2010 step was due torsavgrasses, then the post-2010 points (to
the far right) in Fig. 6 would not fit on the twachde regressions of any of the three data sets,

since the anticipated slope for savanna exchang®isd -12 %o.

The NOAA and SIO data exhibit more scatter, witeér regression residual mean square
scatter of 5, 11 and 17 ppm.%. for CSIRO, NOAA an@® Plots, respectively. A lack of
correlation inA&'C variations between the NOAA and SIO, suggests thlaatever the IH
transport mechanism, isotopic measurement preds@more limiting factor in these datasets.
By comparison, as befits a SH focus, precision basn a greater concern in CSIRO
measurement programs, resulting in extensive phddigquality control assessments of the
CSIRO isotope data since 1992, described in AppeBdand supporting our preference for

these data.

11
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The intermittent nature of this IH exchange proaesght be expected to show up in other
species like S§ used by the modelling community to diagnose Bhs$port (Patra, 2016). We
address this issue in Appendix C. Incidentally, ésémate of possible co-variance between
&'3C and gross terrestrial primary productivity (Ransoa et al., 2002) is likely to be impacted

if a significant portion of IH exchange is via thpper atmosphere equatorial duct.

7 Historic evidence for anomalous interhemispheric CO2 exchange

Fig. 7 examines the historic SIO mlo-spo recoragdsponses to five other extended periods
of duct-closure since the 1960s. Working backwardisne, there are seven occasions (circled
in the top panel) when the seasoBaduct < 5 mst. The five of these that correspond to an El
Nifio period closely followed by a La Nifia (or iretbase of 1982—-1983 a weak La Nifia shortly
followed by a stronger one) show prominent peakesinAC (circled bottom panel); the two
low XZuguct ot coinciding with a\C peak (smaller circles) have relatively brief Efidlperiods
not followed by La Nifia. While there are two sm&@ peaks prior to 1970, th&C are more
susceptible to missing data (particularly at)spad measurement bias (Francey et al., 2016),
and NCEP data may be less reliable, so are noidsyes further here. The 1986-88 event
most mirrors 2009-10 being the next largest stafpvied by four years of relatively stable
AC.

We conclude from this that anomalies in the Hmemispheric exchange through the duct have
played a significant ongoing role in modifying sphdifferences in C® (and other trace
species) at the surface. As NH FF £&nissions increase further, the influence is etquketo

become more marked XC.Ujuct

8 Conclusions

Peylin et al. (2013) describe conflict between goof carbon budgeting models in locating
the major global terrestrial sink, whether mid-herh latitude or equatorial, and suggest
atmospheric transport implementations may be irecWVe have presented a variety of
complementary evidence, including €otopes, linking interhemispheric transport thylou

the Pacific upper troposphere equatorial duct dred dpatial and temporal difference in

measured surface GOoncentrations. The observed patterns of @@r-hemispheric changes

12
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are not easily explained by observed source/sinkWeur. If the parameterisations of transport
in the global carbon budget models do not adequatgbture the duct process, then spatial
differences arising from transport are most likidybe interpreted as variation in terrestrial
sinks. It also suggests that the SH seasonalitg@ may have been misinterpreted. For
example when the duct is open, the January to Apréxchange through the duct will offset

the spring minimum C@level due to SH terrestrial uptake. The convemti@xplanation has

a ~6 month delayed exchange arriving in the SHrantand enhancing peak SH respiration.
Global budgeting of other trace gas studies (eagatelli et al., 2013) are also likely to be

impacted.

The observed 2009-2010 changes in GOdifference in particular, because of the magphat

and also the absence of plausible reported soutkezhanges (in a time of unprecedented
monitoring of ecosystem and ocean exchanges), ¢goan unusual opportunity to test the
implementation of atmospheric transport in invarsimodels and help remove current
ambiguities between surface exchanges and trangdore generally, this requires such
models to demonstrate an ability to describe tlaiapand temporal sytematic differences in
selected high-quality baseline trace gas recor@dd tlave well established large-scale

representation, such as the mlo-cgo records uged he
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Appendix A

Trace Gas Data processing: The analyses for both dC/dt ai are based on monthly
average mixing ratios (@3C isotopic ratios) obtained from a smooth curvetigh individual
flask data (typically 4 month with combined harmonic (seasonal) and 80-day $hiog
spline (Thoning et al., 1989). At Cape Grim, seddallata represent strong near-surface winds
(>5mst, 164 m above sea level) with trajectories (typycall 0 days) over the Southern Ocean;
at Mauna Loa samples are collected in moderate dgope winds; South Pole samples are
selected to avoid local (station) contaminationn@mtional smoothing splines through de-
seasonalised baseline-selected concentration déta,50% attenuation at 22-months, are
differentiated to provide dC/dt since 1992; Franeéwl. (2016)iscuss dC/dt uncertainties.
Annually averaged ~80-day smoothed monthly baselimeentration data are used to provide
AC with near-annual time resolution, i.e. potenéiaibiguity between seasonality and inter-
annual variation is addressed differently by dGidd AC. CSIRO and NOAA data are
processed identically. Scripps data used here arghty data that are seasonally adjusted and
filled (http://scrippsco2.ucsd.edu/data/).

(Note: Using the spatial differences from indivitdleboratories effectively removes most

calibration issues that can complicate high prenisomparisons of data between laboratories).

Appendix B
L aboratory Differencesin 33C data:

Thed™C in CQ are a ‘reduced ratio’ dfC/*?C, for sample s and reference r:

613CS — (13Cs /1ZCS _ 13Cr /1267' )/(1367« /1267' )
Mass conservation if*C is approximated using the product of C &%C (e.g. Tans et al.,
1993).

The assumption of independence between C &h€ measurements is marginally
compromised by the use of theICQ; ratio to correct thé'C for mass spectrometer split
resolution (e.g. Allison and Francey, 2007). Thigéedence in 2009 and 2010 corrections to
AS*C is <0.0007 %o compared with the magnitude of ~@ B2for the 2009—2010 step (Colin

Allison personal communication).
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Flask CQ differences between NOAA and CSIRO same-air corapas at cgo since 1992 are
0.11+0.13 ppm (Masarie et al., 2001; Francey e28ll5). It is assumed that the mean offset
cancels in mlo-cgo differences. This implies that maximumd3C measurement error due to

flask air contamination should be less than 0.005 %o

Exact reasons for the varying quality ®fC programs in Fig. 6 are not known. However,
reduced scatter in CSIRO program is possibly rdlate feedback from regular quality
assessment provided by unique method redundantigqAland Francey, 2007). The data in
this report involve small subsamples of chemicdliyyd whole flask air, from which CQOs
extracted and analysed using a fully automatedif@mMatt 602 D Mass Spectrometer (MS)
with MT Box-C extraction accessory, and bracketgdakiractions and analysis of cgo long-
lived baseline air standards in high-pressure dglia. Over most of the two decades a parallel
cgo program involved unique large-samplesitu extraction of CQ, which is returned and
analysed on the same MS, but relative to indepehderopagated pure GGtandards.

Despite inadequate support to maintain future guetintrol in the CSIRO isotope program, a
2013 thorough quality audit occurred in the contektcomparing recent and 1990%°C

measurements of ice core air (Rubino et al. 2013).

Appendix C

Atmospheric Transport: In contrast to the situation in Figure 4be average 300hPa zonal
wind for July 2008 to June 2009, shown in Fig. Hak equatorial westerlies between the date
line and 120W. The westerly duct is open and NHaettbpical Rossby waves, including the
Himalayan wave-train, are able to penetrate int0SHl. Correlation analysis (Frederiksen and
Webster, 1988) indicates increased upper tropogptnansient kinetic energy near the equator
with facilitated IH transport of trace gases. Herehave focused on the 300hPa level, but our
results apply in broad terms to most of the uppmrdsphere. In particular, the correlation of
the SOI with the zonal wind in the westerly dudiom (Fig. 4a) applies between 500hPa and
70hPa with similar strength between 300 and 10QiRhreducing at the upper and lower
levels. Again, the structure of the (July 2008 tome) 2009) minus (July 2009 to June 2010)
zonal wind difference (Fig. 4b) is largely equival®arotropic with similar strength between
300hPa and 100hPa and reducing at the upper aner ll@wvels. Northern winter (DJF)
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differences for 2008/2009 minus 2009/2010 are ¢woee as strong in the westerly duct region
as those in Fig. 4b.

The Prabir atmospheric transport modelling (Pra®ix5) relies on measurements ok S
support the transport parameterisation. Our eatgménation of such synthetic species with
respect to the 2009/2010 event was inconclusivelléNte can demonstrate a considerable
degree of systematic behaviour in the variatiotaseline monthly COIH differences, by
comparison the synthetics were found to have marget scatter, though significant precision
improvements have occurred since 2011 (Paul Krumnpersonal communication).
Furthermore, over the period of most concern, wmdblittle agreement between the NOAA
HATS Sk data (http://www.esrl.noaa.gov/gmd/hats/combinE@/Btml), and equivalent data
from the AGAGE network (https://agage.mit.edu/) month-to-month, or inter-annual
variability about the long term increase in IH dince. The use of paste3b calibrate the
inter-hemispheric transport may well be adequatéhfe long-term model mean transport, but
fail to adequately constrain past irregular periedsh as 2009/2010, or the similar historic

events.

17



07.01.2016

References

440 Allison, C. E. and Francey, R. J.: Verifying southbemisphere trends in atmospheric carbon
dioxide stable isotopes, J. Geophys. Res., 112(08180i:10.1029/2006JD007345, 2007.

Ashfold, M. J., Pyle, J. A., Robinson, A. D., Mgne, E., Nadzir, M. S. M., Phang, S. M.,

Samah, A.A., Ong, S., Ung, H. E., Peng, L. K., ¥08. E., and Harris, N. R. P.: Rapid

transport of East Asian pollution to the deep ttepAtmos. Chem. Phys., 15, 3565-3573,
445  doi:10.5194/acp-15-3565-2015, 2015.

Boden, T. A., Marland, G. and Andres, R. J.: Glpbagional, and national fossil-fuel GO
emissions. Carbon Dioxide Information Analysis @en2010.
http://cdiac.ornl.gov/trends/emis/overview.html

Ciais, Ph., Reichstein, M., Viovy, N., Granier, ®geée, J., Allard, V., Aubinet, M.,
450 Buchmann, N., Bernhofer, Chr., Carrara, A., ChésglF., De Noblet, N., Friend, A. D.,
Friedlingstein, P., Ginwald, T., Heinesch, B., Keronen, P., Knohl, A.inder, G., Loustau,
D., Manca, G., Matteucci, G., Miglietta, F., OumliyJ. M., Papale, D., Pilegaard, K.,
Rambal, S., Seufert, G., Soussana, J. F., Sanz, Mchulze, E. D., Vesala, T., and Valentini,
R.: Europe-wide reduction in primary productivigused by the heat and drought in 2003,
455 Nature 437, 529-533, doi: 10.1038/nature03972, 2005

Denning, A. S., Takahashi, T., and FriedlingstB®inCan a strong atmospheric £@ctifier
effect be reconciled with a “reasonable” carbardbget? Tellus, 51B, 249-253, 1999.

Dlugokencky, E. J., Lang, P.M., Masarie, K.A., Gvell, A.M., and Crotwell, M.J.:

Atmospheric Carbon Dioxide Dry Air Mole Fractionsiin the NOAA ESRL Carbon Cycle
460 Cooperative Global Air Sampling Network, 1968-20¥8ysion: 2014-06-27, 2014.

Path: ftp://aftp.cmdl.noaa.gov/data/trace_gase@#lesk/surface/

Enting, I. G., Trudinger, C. M., Francey, R. Jd&ranek, H.: Synthesis inversion of
atmospheric C®using the GISS tracer transport model. CSIROdgovi of Atmospheric
Research Technical Paper No. 29, 551.51120287, G 3listralia, 1993

465 Enting, I. G.: Inverse Problems in Atmospheric Gauaent Transport, Cambridge Univesity
Press, 0521812100, 2006.

Francey, R. J., Trudinger, C. M., van der Schoaf,lMw, R. M., Krummel, P. B.,
Langenfelds, R. L., Steele, L. P., Allison, C. &avert, A. R., Andres, R. J. and Rddenbeck

18



470

475

480

485

490

495

07.01.2016

C.: Atmospheric verification of anthropogenic £émission trendd\lat. Clim. Ch. 3, 520-
524, doi:10/1038/nclimate1817, 2013.

Francey, R. J., R. L. Langenfelds, L. P. Steel®.Krummel and M. van der Schoot, Bias in
the biggest terms in the global carbon budget?Kiammel P. B. and Derek, N., editors.
Baseline Atmospheric Program Australia 2011-200&1bourne]: Australian Bureau of
Meteorology in cooperation with CSIRO Division ofrdospheric Research, 2016 (in press).

Frederiksen, J.S. and Webster, P.J.: Alternatigertas of atmospheric teleconnections and

low-frequency fluctuations, Rev. Geophys., 26, 499, 1988.

Giglio, L., Randerson, J. T., and van derWerf, G.ARalysis of daily, monthly, and annual
burned area using the fourth-generation globaldimessions database (GFED4), J. Geophys.
Res. Biogeosci., 118, 317-328, doi:10.1002/jgrg420@013.
http://www.falw.vu~gwerf/GFED/GFEDA4/tables/GFED4_B&k CO2.txt

Keeling, R. F., Piper, S. C., Bollenbacher, A.@ad Walker, J. S.: Atmospheric @@cords
from sites in the SIO air sampling network. In TaenA Compendium of Data on Global
Change. Carbon Dioxide Information Analysis Cenak Ridge National Laboratory, U.S.
Department of Energy, Oak Ridge, Tenn., U.S.A.; ©6i3334/CDIAC/atg.035, 20009.

Law, R. M. Kowalczyk and Wang Y-RJsing atmospheric C{lata to assess a simplified
carbon-climate simulation for the 20th century,lig|58B, 427-437, 2006.

Law, R.M., 2014.
http://www.climatescience.org.au/sites/defaultfileAW COECSS_Sep2012.pdf

Lloyd, J., and Farquhar, G. BC discrimination during C@assimilation
by the terrestrial biosphere, Oecologia, 99, 205;-2994.

Locatelli, R., Bousquet, P., Chevallier, F., Forse@heney, A., Szopa, S., Saunois, M.,
Agusti-Panareda, A., Bergmann, D., Bian, H., Camemith, P., Chipperfield, M. P.,
Gloor, E., Houweling, S., Kawa, S. R., Krol, M. tRa P. K., Prinn, R. G., Rigby, M.,
Saito, R., and Wilson, C.: Impact of transport maeors on the global and regional
methane emissions estimated by inverse modellibngpA. Chem. Phys., 13, 9917-9937,
doi:10.5194/acp-13-9917-2013, 2013.

Masarie, K. A., Langenfelds, R. L., Allison, C. Egnway, T. J., Dlugokencky, E. J.,
Francey, R. J., Novelli, P. C., Steele L. P., Téh<., Vaughn B., and White, J. W. C.:

19



500

505

510

515

520

525

07.01.2016

NOAA/CSIRO Flask Air Intercomparison Experiments&ategy for directly assessing
consistency among atmospheric measurements madddpendent laboratories. J. Geophys.
Res., 106 (D17): 20445-20464, 2001.

Matsueda, H., Machida, T., Sawa, Y., and Niwa,[¥ng-term change of CQatitudinal
distribution in the upper troposphere, Geophys. Re#., 42, 2508-2514,
doi:10.1002/s014GL062768, 2015.

McGregor, J. L., and Dix, M. R. An updated desaniptof the conformal-cubic atmospheric
model. High Resolution Simulation of the Atmosphanel Ocean, Hamilton, K. and Ohfuchi,
W., Eds., Springer, 51-76, 2008.

Miyazaki, K., Patra, P. K., Takigawa, M., lwasaki, and Nakazawa, T.: Global-scale
transport of carbon dioxide in the tropospher&ebphys. Res., 113, D15,
doi:10.1029/2007JD009557, 2008.

Page, S. E., Hoscilo, A., Langner, A., Tansey,.KSikgert, F., Limin, S. H., and Rieley, J.
O.: Tropical peatland fires in Southeast AsiaMn:A. Cochrane (Eds). Tropical Fire
Ecology: Climate Change, Land Use and Ecosystena®yes. Springer-Praxis, Heidelberg,
Germany, 263-287, 2009.

Patra P.: Biogeosciences Discuss., 12, C6469-C404%.

Peters, G. P., Marland, G., Le Quéré, C., BodenCanadell, J. G., and Raupach, M. R.,
Rapid growth in C@emissions after the 2008—-2009 global financiaisyiNat. Clim. Ch. 2,
1-4,d0i:10.1038/nclimate1332012.

Peylin, P., R. M. Law, K. R.Gurney, F. JacobsonRAMaki, Y. Niwa, P. K. Patra, W.
Peters, P. J. Rayner, C. Rodenbeck, I. T.van dan-Laijkx, and X. Zhang, Global
atmospheric carbon budget: results from an enseailademospheric C@inversions,
Biogeosciences 10, 6699-6720, doi:10.5194/bg-10-6699-2013, 2013.

Poulter, B., Frank, D., Ciais, P., Myneni, R. Bndela, N., Bi, J., Broquet, G., Canadell, J.
G., Chevallier, F., Liu, Yi Y., Running, S. W., Sitch, S. and vaer®erf, G. R.:
Contribution of semi arid ecosystems to inter-ahwaaability of the global carbon cycle,
Nature, 509, 600—603d0i:10.1038/nature13376, 2014.

Poulter, B. Biogeosciences Discuss., 12, C7009-C72115.
Rayner, P. J., Law, R. M., Allison, C. E., FrancRyJ., Trudinger, C. M., and Pickett-Heaps,
C.: Interannual variability of the global carborcley(1992-2005) inferred by inversion of

20



530

535

540

545

550

07.01.2016

atmospheric C@andd*CO, measurements, Global Biogeochem. Cy., 22, GB3008,
doi:10.1029/2007GB003068, 2008.

Randerson, J. T., Collatz, G. J., Fessenden, Moz, A. D., Still, C. J., Berry, J. A., Fung,
I. Y., Suits, N., and Denning, A. S.: A possiblelgl covariance between terrestrial gross
primary production anéfC discrimination: Consequences for the atmosphé@idudget and
its response to ENSO, Global Biogeochem. Cycles1186-1152,
doi:10.1029/2001GB001845, 2002.

Stephens, B. B., Gurney, K. R., Tans, P. P., SwedhePeters, W. et al., The vertical
distribution of atmospheric CQiefines the latitudinal partitioning of global ban fluxes,
Science, 316, 1732-1735, 2007.

Stephens, B. B., Brailsford, G. W., Gomez, A. JedRll1, K., Mikaloff Fletcher, S. E.,
Nicholl, S., and Manning, M., Analysis of a 39-yeantinuous atmospheric CO2 record
from Baring Head, New ZealanBiogeoscienced,0, 2683-2697, doi:10.5194/bg-10-2683-
2013, 2013.

Tans, P. P., Berry, J. A,, and Keeling, R. F.: @aeEC data: A new window on CQuptake
by the oceans, Global Biogeochem. Cy., 7, 353— 3883.

Thoning, K. W., Tans, P. P., and Komhyr, W. D.: A8pheric carbon dioxide at Mauna Loa
observatory, 2, Analysis of the NOAA/GMCC data, 49P85, J. Geophys. Res., 94, 8549-
8565, 1989.

Webster, P. J., and Holton, J. R.: Cross-equat@sgonse to mid-latitude forcing in a
zonally varying basic state, J. Atmos. Sci., 32-733, 1982.

Webster, P. J., and Chang, H.-R.: Equatorial enacgymulation and emanation regions:
Impacts of a zonally varying basic state, J. Atn®is., 45, 803-829, 1988.

21



555

560

565

570

575

580

07.01.2016

Figure 1 North-South differences and growth rates in.G{@ce 1990:

(a) On the left axis, annual average (Jan-2€&)Yppm) from three programs, CSIRO, NOAA
(mlo-cgo) and SIO (mlo-spo), plotted mid-year. @e tight axis are reported anthropogenic
emissions (dashed line), with the Francey et 8182 suggested correction (shaded), scaled so
that the overall slope is similar to that from thdong term mlo-spo SIO record.
(b) CSIRO (mlo, cgo, spo) and NOAA (mlo) growth esmt dC/dt, plotted mid- month.
See Methods for detalil.

Figure 2. North-South CQlifferences using other NH sites from the NOAAwk:

(NH site minus cgo) using annual average baselata (calendar year, plotted mid-year).
Latitude and Longitude of sites are provided inlégend.

Figure 3. Monthly mlo-cgo C&Xifferences:

CSIRO Data of Fig. 1a are plotted monthly to betteamine the onset of the 2009—-2010 step

(see text).

Figure 4: The equatorial upper troposphere duct:

(a) Correlation over the annual cycle of 1949-2Qpper tropospheric winds (300 hPa) with
the Southern Oscillation Index (SOI), with strortgesrrelation in the equatorial Pacific
duct.

(b) The difference between open and closed eqaathuct patterns of Figs. 4d and 4c, showing
similarity to the long-term correlation patternfiy. 4a.

(c) July 2009 to June 2010 ‘closed-duct’ patterthwB00 hPa easterly zonal wind in the

equatorial duct.

(d) July 2008 to June 2009 ‘open-duct’ pattern w800 hPa westerly zonal winds in the
equatorial duct.
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Figure 5. Monthly inter-hemispheric exchange follRJ3 trace gas species:

585 The top panel shows monthlyut (300hPa, 5N to 5S, 140W to 170W) with red and blareds
indicating El Nino and La Nina periods respectivéliie relative strength and duration of NH
winter (Oct to Apr) IH mixing is estimated Buquc, plotted in January.

The following panels show the relative interhemept exchange fluxesAC. Wy, due to
Pacific upper level equatorial turbulence, for eliént CSIRO flask species (g@Hs, CO and
590 Hb>). Black circles indicate 4 months of missing CSIfR3k data from mlo; for C& data from

these months are obtained from NOAA records.

Figure 6. Isotopic evidence that inter-hemisph€@ variations are systematic:

The interhemispheric differencA$*CO;, represented b&(C.5'°C) plotted againsh!?CO, for
595 a) CSIRO (mlo-cgo), b) NOAA (mlo-cgo) and c) SIOI¢rspo) flask samples since 1992. (One
2003 NOAA outlier (>), is removed from these plots and regressions)liflear regression

coefficients and correlation coefficients)(are provided for each data set.

Figure 7. Inter-hemispheric mlo-spo differencesfiibie historic Keeling C&record and it

600 The top panel shows monthlyuet (300hPa, 5N to 5S, 140W to 170W) with red and blareds
indicating El Nino and La Nina periods respectivflgft axis). The relative strength and
duration of NH winter (Oct to Apr) IH mixing is estated byXuquct, plotted in January (right

axis).

In the bottom panel annual average mlo-A@aare shown. Red circles indicate occasions when
605 integrated duct transport is <5 Wslashed for >5 ms-1, and smaller circles (in tpeganel)

when brief closures are not followed by La Nifia #mere is no detectabdeC influence.
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