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Abstract. This paper reports a study of the full carbon (C- exported 2.5 times more carbon in fossil fuels than it emitted
COy) budget of the Australian continent, focussing on 1990—by burning fossil fuels.

2011 in the context of estimates over two centuries. The
work is a contribution to the RECCAP (REgional Carbon

Cycle Assessment and Processes) project, as one of numef- |ntroduction

ous regional studies. In constructing the budget, we estimate

the following component carbon fluxes: net primary produc- Full carbon budgets for land regions are significant for sev-
tion (NPP); net ecosystem production (NEP); fire; land useeral reasons: they provide insights into terrestrial carbon cy-
change (LUC); riverine export; dust export; harvest (wood,cle dynamics, including processes contributing to the net
crop and livestock) and fossil fuel emissions (both territorial trend and variability in the terrestrial carbon sink; they place

and non-territorial). anthropogenic carbon and greenhouse gas inventories in a
Major biospheric fluxes were derived using BIOS2 broader context; and they indicate how anthropogenic inven-
(Haverd et al., 2012), a fine-spatial-resolution (0)06f- tories change spatially across regions and temporally in re-

fline modelling environment in which predictions of CABLE  sponse to climate variability and changes in land use and land
(Wang et al., 2011), a sophisticated land surface model wittmanagement. This paper reports a study of the full carbon
carbon cycle, are constrained by multiple observation types.budget of the Australian continent, focussing on 1990-2011
The mean NEP reveals that climate variability and ris-in the context of estimates over two centuries. The work is
ing CO; contributed 12:24 (1o error on mean) and a contribution to the RECCAP (REgional Carbon Cycle As-
68+ 15 TgCyr 1, respectively. However these gains were sessment and Processes) project (Canadell et al., 2011), as
partially offset by fire and LUC (along with other minor one of numerous regional studies being synthesised in REC-
fluxes), which caused net losses of 2@ TgCyr ! and CAP.
184+ 7 TgCyr 1, respectively. The resultant net biome pro- A carbon budget for a land region can be expressed by
duction (NBP) is 36 29 TgC yr 1, in which the largest con-  equating the change in territorial storage of carbanp@r
tributions to uncertainty are NEP, fire and LUC. This NBP unit time with the net flux of carbon into the land surface:
offset fossil fuel emissions (9566 TgC yr 1) by 38+ 30 %.

The interannual variability (IAV) in the Australian carbon —dCr/dr = —dGg/dr — dCpp/dr — dGuwp/dr @)
budget exceeds Australia’s total carbon emissions by fossil = ( Fnpp+ FrH + FFire + FLuc + FTransport
fuel combustion and is dominated by IAV in NEP. Territo- + Frarvest) + (Frr + Frr, Export) — dChwp/dr

rial fossil fuel emissions are significantly smaller than the

rapidly growing fossil fuel exports: in 2009-2010, Australia H€re.Ce. Crrand Gywp are C stocks in the biospheric, fossil

fuel and harvested wood product (HWP) pools, respectively.

Published by Copernicus Publications on behalf of the European Geosciences Union.



852 V. Haverd et al.: The Australian terrestrial carbon budget

Changes in other C pools (e.g. biological products other thar{range) and 0.8 PgCy (10)), which is much higher than the

HWP) are considered negligible. The sign conventionAor uncertainty (0.2 PgCy* (1)) in the regionally constrained

is that a positive flux is directed away from the land sur- BIOS2 estimates (Haverd et al., 2012).

face. (However note also the following hereafter: (i) positive Most other components of the carbon budget were ob-

“productivities” denoted e.g. NPP (net primary production), tained independently as described in Sects. 2.2—-2.6, with two

NEP (net ecosystem production), and NBP (net biome pro-exceptions. First, the heterotrophic respiration, which is de-

duction); in the absence of the main symldolre by defi-  rived primarily from BIOS2, is corrected for the influences

nition uptake by the land; (ii) positive “exports” and “emis- of fire, transport (by river and dust) and harvest (Sect. 2.1).

sions” are by definition fluxes away from the land surface.) Second, the net fire emissions from non-clearing fires were

Flux subscripts denote contributions to the net flux from estimated using a BIOS2 simulation with prescribed gross

NPP, heterotrophic respiration (RH), fire, land use changdire emissions (Sect. 2.2.2).

(LUC), transport by rivers and dust, harvest, fossil fuel emis-

sions (FF), and FF export. It is assumed that, in all gaseou®.1 Net primary production, net ecosystem production

fluxes, C is present as C in GQand that the ultimate fate and heterotophic respiration

of C in the lateral fluxes (transport, harvest, exported FF) is

C in CQO,. (Hereafter C in CQ will be abbreviated as C.) NPP and NEP components were derived using BIOS2

Terms in Eq. (1) can also be used to construct the net land(Haverd et al., 2012), constrained by multiple observation

to-atmosphere C flux: types, and forced using remotely sensed vegetation cover.

BIOS2 is a fine-spatial-resolution (0.Q5%ffline modelling

Fine = Ii’:“PPJr Frr + Frire + FLuc + Frr @) environment built on capability developed for the Australian

+Farvast T — dChwp/dt, Water Availability Project (King et al., 2009; Raupach et al.,

where LAE denotes land—atmosphere exchange an 009). It includes a modification of the CABLE land sur-

FS:rr&ZL;np is the component of the harvest flux that is ace scheme (Wang et al., 2011) incorporating the SLI soll

consumed within the land region. The portion of the harvestmOdeI (Haverd and Cuntz, 2010) and the CASA-CNP bio-

. . %eochemical model (Wang et al., 2010). BIOS2 parameters
that is consumed but does not decompose is accounteare constrained and predictions are evaluated using multiple
for by the change in stored HWP. The total change in P g P

atmospheric C storage attributable to loss of C from the Iandobservation sets from across the Australian continent, includ-
o by—dCr/dr (Eq. 1), and is the sum ofiag and ing streamflow from 416 gaugeq catqhments, eddy flux data
Ir?ogl\;zprito{ial (I\TIT) emicésioﬁs resulting f I LAE (CO, and HO) from 12 OzFlux sites, litterfall data, and data
o g from lateral fluxes on soil, litter and biomass carbon pools (Haverd et al., 2012).
(i.e. transport fluxes, z_ind the export of harvest a_nd F_F). As CABLE consists of five components (Wang et al., 2011):
fﬁghégrsoétﬁg;tu%Sjg;natreo\c;if dfg? ! ;?]rr?fgeb)ésjgmagg 0El) the radiation module describes direct and diffuse radia-
results frgm “top-down” gtmospheric inversFi)on approaches lon transfer an d absorption by sunlit and Sh".ided leaves; (2)
(Canadell et al., 2011) the canopy micrometeorology module describes the surface
" . roughness length, zero-plane displacement height, and aero-

The aim of this work is to construct a full carbon bud- dynamic conductance from the reference height to the air
get for the period 1990-2011 by combining estimates of the yne . ) 9
fluxes in Eq. (1). Methods for estimating the flux compo- within canopy or to the soil surface; (3) the canopy module

A . ._includes the coupled energy balance, transpiration, stomatal
nents are detallgd in Sect. 2, and the budget is Surnr’n‘fjms.eégonductance and photosynthesis of sunlit and shaded leaves;
in Sect. 3. Details of the component fluxes are presented i

4 . . r24) the soil module describes heat and water fluxes within soil
Sect. 4. In Sect. 5 atmospheric inversion results for Australia d d at their respective surfaces: and (5) the ecosys-
are discussed. andsnowan P D y
tem carbon module accounts for the respiration of stem, root
and soil organic carbon decomposition. In BIOS2, the default
2  Methods and datasets CABLE v1.4 soil and carbon modules were replaced respec-
tively by the SLI soil model (Haverd and Cuntz, 2010) and
Net primary production and net ecosystem production werehe CASA-CNP biogeochemical model (Wang et al., 2010).
obtained using a regional biospheric modelling environmentModifications to CABLE, SLI and CASA-CNP for use in
(BIOS2), subject to constraint by multiple observation setsBIOS2 are detailed in Haverd et al. (2012).
(including eddy flux data and carbon pool data), as described Nitrogen and phosphorous cycles in CASA-CNP were dis-
in Sect. 2.1 below. We chose to use BIOS2 in preference tabled, and land management was not considered explicitly.
multiple estimates of NPP and NEP from global ecosystemHowever BIOS2 is driven by remotely sensed vegetation
models participating in the carbon cycle model intercom- cover and parameters and uncertainties were estimated using
parison project (TRENDY) (Sitch and Friedlingstein, 2011). multiple observation types spanning the entire bioclimatic
The reason for this is that these global models exhibit vari-space, including managed lands. These two factors miti-
ability in Australian continental NPP estimates (2.2 PgEy gate against the exclusion of potentially important processes.

Biogeosciences, 10, 85869, 2013 www.biogeosciences.net/10/851/2013/
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Moreover, model structural errors incurred by process omiswould occur without the influences of fire, transport (by river
sion are incorporated in the model-observation residualsand dust) and harvestry -r-1-H. (Here subscripts -F, -T, -
which are propagated through to uncertainties in model preH denote the absence of fire, harvest and transport.) Sec-
dictions (Haverd et al., 2012). tion 2.2 describes the estimation®&H -r-1-H, i.€. Fry under
In this work we extended BIOS2 simulations back in time a regime of fire. The effect of harvest and transporfgp is
to 1799, to assess the effects of changing climate and atmdreated more simply: we assumgy is discounted by 100 %
spheric CQ on NPP and NEP. CASA-CNP carbon pools of the exported flux, because the C in these fluxes is removed
were initialised by spinning the model 200 times over aand cannot be respired.
39yr period using NPP generated with atmospheric, CO
fixed at the pre-industrial value of 280 ppm, and 1911-19492.2 Fire
meteorology, corresponding to the earliest available rain-
fall and temperature data from the Bureau of Meteorology's2.2.1 Gross fire emissions
Australian Water Availability Project dataset (BoM AWAP)
(Grant et al., 2008; Jones et al., 2009). Following spin-up, theGross monthly fire emissions were extracted from the
1799-2011 simulation was performed using actual deseasorGFED3 database (van der Werf et al., 2010) for the 1997—
alised atmospheric GQfrom the Law Dome ice core prior 2009 period. These emissions are determined using the al-
to 1959 (MacFarling Meure et al., 2006), and from global gorithm of Sieler and Crutzen (1980), with burnt area deter-
in situ observations from 1959 onward (Keeling et al., 2001) mined from the MODIS burned area product from 2002 to
with repeated 1911-1949 meteorology prior to 1911 and ac2009 and from AVHRR for the period 1997-2002 (Giglio
tual meteorology thereafter. etal., 2010), fuel loads calculated using the CASA terrestrial
Vegetation cover was prescribed using PAR (fraction pho-biosphere model (Randerson et al., 1997) and combustion pa-
tosynthetic absorbed radiation) estimates obtained from theameters sourced from the global literature. These were com-
AVHRR record (1990-2006), with an annual climatology be- pared with independent estimates derived using the 2004 Na-
ing used outside of the period of data availability. Total fPAR tional Greenhouse Gas Inventory Methodology (Australian
was partitioned into persistent (mainly woody) and recur- Greenhouse Office, 2006; Meyer, 2004). This methodology
rent (mainly grassy) vegetation components, following thealso implements the algorithm of Sieler and Crutzen (1980).
methodology of Donohue et al. (2009) and Lu et al. (2003).However the data are entirely independent of GFED. Burnt
Leaf area index (LAI) for woody and grassy components wasarea in the tropical savanna and arid rangelands is estimated
estimated from the fPAR components by Beer's law (e.g.from AVHRR 1 km imagery (Craig et al., 2002) while, for the
Houldcroft et al., 2009). Grassy LAl was partitioned betweenforests area, fire area estimates are sourced from fire agency
C3 and G components according to the proportion of all statistics. In all regions fuel loads and combustion parameters
grass species that are Gpecies, as estimated by Hatters- are sourced from field measurements. The NGGI (National
ley (1983). Greenhouse Gas Inventory) methodology is implemented re-
Uncertainties in BIOS2 predictions (all uncertainties here-gionally, by state (administrative unit), while GFED3 is spa-
after expressed aw’}, due to parameter uncertainty and un- tially explicit at 0.5 deg resolution.
certainty in forcing data, were estimated separately and com- Uncertainty (&) in continental gross fire emissions was
bined in quadrature to give total uncertainty, as described byestimated as the difference between the NGGI and GFED3,
Haverd et al. (2012). To obtain uncertainties in model predic-each averaged over the period (1997—-2009) for which both
tions associated with parameter uncertainties in a parametgroducts exist.
setp, the parameter covariance mat@ixwas projected onto

the variance in the prediction: 2.2.2 Net fire emissions
—\ T —
2 0Z 9z We define net fire emissions (of GET) as the sum of con-
o;=|—] C— (3) _— L oz . .
ap p tributions from clearing fires (i.e. fires associated with con-

version of forest to cropland or grassland) and non-clearing
wheredZ/dp is the vector of sensitivities of a prediction fires. Together gross emissions from these two categories of
Z to the elements ofp. Uncertainties in model predictions fire sum to the total gross fire emissions (detailed above and
associated with forcing uncertainties were estimated as theenoted by the “Fire” arrow in Fig. 1). Net emissions from
absolute change in prediction associated with perturbationslearing fires are assumed equal to the gross emissions from
to forcing inputs. NEP uncertainty estimates also include thethese fires. In contrast, net emissions from non-clearing fires
uncertainty due to an assumed 20 % uncertainty in the partiadre estimated as the gross non-clearing fire emissions minus
derivative of NPP with respect to atmospheric£gncen-  the reduction inFry incurred by non-clearing fires (relative
tration. to a no-fire scenario). For non-clearing fires, NPP simulated
We define net ecosystem production as net primary prousing BIOS2 in the absence of fire was assumed applica-
duction (NPP) minus the heterotrophic respiration flux thatble under a recurring fire regime, because most Australian

www.biogeosciences.net/10/851/2013/ Biogeosciences, 10,83 2013
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Atmosphere
AC,/At = 43 (Territorial) + 155 (Non-Territorial)
? b T T 'Y
Wood Net Primary ‘ I
Non- Decay Production Heterotrophic Land Use Territorial EF
Territorial Crop Respiration  Fire Change Emissions
Emissions Consumption
Livestock
Consumption 5 2210 1997 127 18 95
9
155 f
Wood 6
CimlAt=d Biosphere Fossil Fuels
logging
e = AC,/At = - 235
3
Livestock [ | e
o5 FlRlED Australian
e i 2 1 140 Territory
Riverine
Wood gy Dust
Export Exp’;rt 'I-E‘)\:S;OCK EITEFE transport FF Export|
h 4
Non-Territorial C stocks  AC, /At =155 Units are Tg C y-'

Fig. 1. Summary of the Australian territorial carbon budget, 1990-2011.

landscapes are resilient, with regrowth commencing after th&.3 Land use change and harvest
first post-fire rainfall (Graetz, 2002).

For the purpose of estimating net fire emissions, clearing™or land use change (LUC), flux estimatds c) (1990-
fire emissionsFiire, clearingWere specified according to DC- 2008) were extracted from the Australian National Green-

CEE (2012) and subtracted from the gross fire emissiondlouse Gas Inventory (DCCEE, 2012), and associated data
from GFED3 to give Fiire, non-clearing The net export of C ~ files (UNFCCC, 2011; v.1.4). The component extracted is the

from the biosphere due to non-clearing fires was evaluate@®ne consistent with the Kyoto Protocol article 3.3 which fo-
as cuses on emissions from deforestation and reforestation. Es-
timates ofF| yc are calculated using the Australian National
Carbon Accounting System (NCAS), a greenhouse account-
FRH,-F-T-H —FRH,-T-H> ing framework for the land sector. It is based on spatially
explicit ecosystem modelling that uses extensive ground-
Heterotrophic respiration under a recurring fire regime (butbased datasets for parameterization and validation, and Land-
without account for transport by rivers and dust or harvest),sat data time series at 25-m resolution (Richards and Brack,
Fru.-T-H, Was estimated using a modification of the BIOS2 2004; Waterworth and Richards, 2008; Waterworth et al.,
environment, in which (i) fire occurred at prescribed return 2007).
intervals; (ii) at the time of fire, each aboveground carbon The LUC flux from NCAS includes emissions from con-
pool C; was instantaneously depleted Bys;C; with 8; verting forest to cropland and to grassland, and afforestation
being a set of prescribed burning efficiencies for each abovelargely from the conversion of grasslands to forest land (i.e.
ground pool andfy, the fraction of area burned. Burning ef- plantations). The FullCAM model, used as part of NCAS,
ficiencies were assigned according to values used by Barestimates emissions and removals from all pools including

net
Fﬁre’ nonrclearing ™ Fire, norrclearing™— FRH,-F-T-H + FRH,-T-H (4)

= Ffire, non—clearing(l -
Ffire, non-clearing

rett (2010). The fraction burned area was calculated as living biomass, dead organic matter, and soil (Richards and
(rNPP) Evans, 2004).

= Zﬂ—C (5) Forests lands are defined as lands with a minimum tree

i cover of 20 % and trees with a minimum height of 2 m. These

criteria are consistent with the reporting requirements of the
ble 2, Sect. 4.2.2 below) and NPEe NPP accumulated UNFCCC Ma_rrakech ACCOTdSn Montreal Process, _and the
. : o . C . Food and Agriculture Organization. For land conversion, e.g.
since the last burn. Gross fire emissions in this simulation 2" : 4
forest to grassland, a minimum conversion area of 0.2 ha is
are thus equal teNPP,.

. . . ) o used. Emissions from fires associated with land use change
Relative uncertainty in the mean net fire emissions was

i e are accounted for under fire emissions.
assumed equal to that of the gross fire emissions.

with r a prescribed ratio of gross fire emissions to NPP (Ta

Biogeosciences, 10, 85869, 2013 www.biogeosciences.net/10/851/2013/
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Table 1. Components of the Australian carbon budget.

Flux (away 1AV  erroron averaging
fromland (b) mean period
surface) (&)
[TgCyr 12
Biosphere (no fire, GPP —4110 345 740 1990-2011
no transport, RA 1900 154 342 1990-2011
no harvest, NPP —2210 195 398
no LUC) RHE_T-H (no fire, 2130 66 383
no transport, no harvest)
NEP= NPP-RHE.T.H —-80 136 28
Fire Fire (non-clearing) 104 30 19
Fire (clearing) 23 5 4 1990-2010
Total fire 127.0 30 22 1997-2009
RH_1_.H (corrected 2029 66 342
for fire)
Net fire= Fgje+ 26 30 4
RH.T-H - RH.E-T-H
Transport Riverine 23 - 1
Dust 1 - 1
Total Transport 3 - 1
Harvest (wood, HWP gross 6.1 - 15 2004
livestock, crops) HWP consumption 6.4 - 2 2004
HWP export -0.3 - 2 2004
Livestock gross 3.1 - 0.8 2004
Livestock consumption 2.0 - 0.5 2004
Livestock export 11 - 0.3 2004
Crop gross 19.6 - 5 2004
Crop consumption 8.9 - 2 2004
Crop export 10.7 - 3 2004
Harvest gross 29 - 7
Harvest export 12 - 3
Harvest consumption 17 - 4
Heterotrophic RH (corrected for fire, 1997 66 383
Respiration harvest, transport)
Land use change LUC \ 18 - 7 1990-2009
Fossil fuels FF (territorial) 95 - 6 1990-2011
FF (export) 140 - 8 1990-2011
Net fluxes NBP —-36 139 29
Land—atm exchange 43 139 29
Changesin Stock ACpp/dt —235 - 15
ACnon-Territorial/df 155 - 17
ACaiospherd df 36 139 29
ACrerritorial/dt —198 139 38
ACpwp/dt 1 - -
AChtmospherddf 198 139 38

aMultiply by 0.126 to convert to gm2yr—1.
b Sign convention: positive change in stock is an increase in stock.

www.biogeosciences.net/10/851/2013/
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For harvested products, the Australian National Carbon Acdate between basins with observational data and considering
counting System (NCAS) accounts for the change in stock othe local landscape and hydrologic attributes.
harvested wood products (HWP). This stock includes wood In the absence of uncertainty estimates, we assign a rela-
products from forest land within Australia plus imported ma- tive uncertainty of 50 % on this component of the C budget.
terial minus exported material. Descriptions of the methodsThis crude estimate has negligible impact on the uncertainty
and data sources are described in DCCEE (2012), and detailsf NBP, because the C flux associated with riverine transport
of the wood products model and accounting framework areis very small (Sect. 4.4).
described in Richards et al. (2007).

Production, consumption and export of C in HWP, crops, 5 pust export
and livestock feed consumption were estimated using the
methodology of Peters et al. (2012), applied to Australia for
this work. The livestock feed consumption data were con-
verted to carbon content of livestock using the livestock con-

version efficiency factor (for Oceania) of 3.7 % from Krauss- . ; o . )
mann et al. (2008) (Table 6). ies (Ginoux et al., 2004; Li et al., 2008; Luo et al., 2003;

For uncertainties of LUC emissions. we assumed theMiller et al., 2004; Tanaka and Chiba, 2006; Werner et al.,
global value of 40% (@) (Le Quere et al., 2009), while 2002; Yue et al., 2009; Zender et al., 2003) that use global

I ?tmospheric/chemical transport models and/or climate mod-
for fluxes of harvested products, we assume uncertainties o e . :
25% (1), els, specifically enabled to simulate the uplift, transport and

wet/dry deposition of dust. Li et al. (2008) specifically tar-
get regions in the Southern Hemisphere. Of the eight stud-
2.4 Riverine transport ies, only four provided full dust budgets. The mean ratio of
net dust export to gross dust emissions for Australia obtained

Freshwater fluxes of dissolved organic carbon (DOC), Which]crom thege_four studies was applied to the gross emissions of
the remaining four studies.

we assume is of terrestrial origin, are computed as the prod- . . .
. . Export of carbon by dust is estimated by multiplying net
uct of a representative DOC concentration and the mean ans ' . .
dust export by a fixed soil organic content (SOC) of dust,

nual river flow. taken as 4t 3%. This value is based on a range of 1-7%

River flow is taken to be either the modelled runoff from Lo . .
S . SOC observed in wind-blown sediment samples in a recent
one of several significant recent studies of surface water re- o N . .
tudy indicating significant enrichment of carbon in Aus-

sources in Australia (e.g. Raupach etal., 2009; CSIRO, 2008 ralian dusts relative to parent soils (Webb et al., 2012).

or, for the catchments of the Great Barrier Reef lagoon, Uncertainty in this flux component of the C budget is as-

measured annual discharge from the Short Term ModellingSumed as 100 % of the flux, based on the large uncertainty in

E;ZJ((E%C()CBZ)OQIG, Carroll, and Sherman, 2006) and from Fur‘the soil organic carbon content of dust and the large range of

A database of DOC concentrations for Australian conti- net QU_st e’.(po” estimates (Sect. 4'5)' This crude estimate has
. . negligible impact on the uncertainty of NBP, because the C
nental rivers was assembled from the literature (e.g. Bas ux associated with dust transport is very small (Sect. 4.5)
et al., 2011). These data were used to estimate mean DO P y o

concentrations as follows: the Australian continent is broken

up into 246 distinct hydrographic basins (a.k.a. surface wa2.6 Fossil fuel

ter management areas) (ASWMA, 2004). Where data were

available for more than one river within a basin, a flow- Fossil fuel emissions estimates (1990-2010) for construction
weighted mean concentration was computed from the obof the Australian full carbon budget were obtained from the
servations and assigned to the entire basin. This concerlatest available Australian National Greenhouse Gas Inven-
tration was multiplied by the total basin runoff to give the tory (DCCEE, 2012). These were extrapolated to 2011 before
DOC flux for the basin. For calculating fluxes to the ocean,averaging over the 1990-2011 period. The C-flux embodied
the 246 basins were aggregated to areas contributing to ih fossil fuel exports (2009-2010) was derived from fuel ex-
COSCAT zones (COastal Segmentation and related CATchport data (ABARES, 2011), and extrapolated to the full bud-
ments), based on a combination of coastal shelf morphologyget period by assuming a constant growth rate of 0.08.yr
coastal current patterns, and climate gradients (Meybeck efor calculation of embodied carbon emissions and compar-
al., 2006), as shown in Fig. 13. Fluxes were calculated on asons with other countries, we used the dataset of the Carbon
COSCAT zone basis as the product of the relevant annuabDioxide Information and Analysis Center (CDIAC) (Andres
runoff and a representative concentration. The representeet al., 2012; Boden et al., 2011; Marland and Rotty, 1984).
tive concentration was computed as a flow-weighted averag&or uncertainties of FF emissions, we assumed the global
from the constituent basins. In the absence of any measuregalue of 6% (&) (Andres et al., 2012). This global value
DOC data, a value was assigned using judgement to interpds applicable to Australia, because, although fossil fuel

Net dust export from Australia is equal to gross dust emis-
sions minus wet and dry dust deposition terms. Estimates of
these terms were obtained from a literature survey of stud-

Biogeosciences, 10, 85869, 2013 www.biogeosciences.net/10/851/2013/
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Table 2. Ratio of annual gross fire emissions and annual net fire  300—
emissions to mean NPP (1990-2011): mean ratio; IAV of ratio and ) -

. . . (i) Fluxes out of Aust. biosphere | | (ii) Process contributions to (iii) Fluxes into atmosphere
maximum ratio for the 1997-2009 period. 200} | | accumutation of biospheric € - | | from Aust. teritary

Gross fire emissions/ Net fire emissions/

mean NPP mean NPP Ly 100 ] 1
&)
mean AV (Ib) max \ mean 1AV (Io) max E l_ﬁ & ri_‘ e o e ﬂ

Tropics 0.18 0.04 0.2 —0.015 0.003 0.001 = 0
Savanna 0.09 0.03 0.15 —0.002 0.0006 0.000 c \_IJ l
Warm Temp 0.01 0.01 0.0 0.008 0.008 0.030 j::
Cool Temp 0.03 004 0.1 0.016 0.022 0.075 g ~100 1r 1 l
Mediterranean  0.006 0.003 0.011.8x10°° 8x10°® 3x10°° &
Desert 0.03 0.02 0.0 0.004 0.002 0.0089 E|
Australia 0.06 002 00 00014 0003 00074 5200 r

-300+
1AV (10)

Ierroron mean (1)

consumption is known relatively accurately, the uncertainty
of carbon content of coal is 6 %. =200

. - 1 R L |
I 2 £t & © o [} oo o I 2= o« w
E g i8E g0 £ 8 &8 ® fEy 3 E %

L ouw 2 §5u = g O WL T w2z W

+ E LT S @ B + SE

=
& u £ Z g W
S 2 =
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3 The net carbon budget, 1990-2011

Fig. 2. (i) Net flux of carbon out of the Australian biosphefégp,

Table 1 summarises the net territorial Australian carbon b“d'yellow) as the sum of components (blug)} net flux of carbon out

get, and it is further distilled in Figs. 1 and 2. Each compo- 4 the Australian biospheref{ygp, vellow) as the sum of process
nent is discussed in detail in Sect. 4. contributions (blue) due to variable climate, rising £@et effect

The budget period for each flux component is specified asf fire (mainly clearing fires) and LUGjii) net flux of carbon from
1990-2011, and is defined as starting at the beginning ofhe Australian territory to the atmospherg fg, yellow), as the
1990 or whenever data become available thereafter, and engum of components (blue). Error bars represent errors on the mean
ing at the end of 2011, or whenever data cease being availdo, red) and interannual variability €1 black).

able before then. Estimates of NPP and NEP span the entire
budget period. Of the remaining fluxes, it is mostly assumed
that the average flux over the available years applies to the 1 i
entire budget period. The exception is fossil fuel emissionS!l fuels wasldepleted by 23515TgCyr~, of which
and export, for which the 1990-2011 values were derived by?>=+ 6 T9Cyr= were attributable to burning of fossil fu-
extrapolation (Sect. 2.6). els within the Australian territory, and the remainder to ex-

For the 1990-2011 period, the biosphere gained carboOrt. Combining territorial fossil fuel emissions with harvest
at an average rate of 3629 TéCyrl (1o error on mean). consumption and biospheric land-to-atmosphere fluxes re-

As indicated in Figs. 1 and 2i, the gross loss of carbonSults in atotal land-to-atmosphere flux of £29 TgCyr?,

. g 1 B B
from the biosphere is dominated by heterotrophic respira-Vith an additional 158 17 TgC yr= contribution from non-

tion (19974383 TgCyrl), with smaller losses due to fire terr.itorial emissions re_sulting from consumptiqn of Aus-
(127+22TgCyrY), harvest (297 TgCyrY), land use tralian harvest and fossil fuels outside of Austrgha. .

change (18 7TgCyrl) and transport by rivers and dust Components of the net flux out of the Australlan_ biosphere
(3+1TgCyrY). However the process contributions to bio- and the net land-to-atmosphere flux are shown in bar-chart

spheric carbon accumulation are quite different. As shownOM in Fig. 2i and iii, along with their & uncertainties and
in Fig. 2ii, the net effects of changing climate and ris- interannual variabilities (IAV). The IAV of both net fluxes is

ing CO, are to increase biospheric carbon by-424 and ~ dominated by IAV in e+ Fry (136 TgCyr™), which in

68+ 7 TgCyr-! respectively, while fire and LUC cause net turn is largely attributable to IAV in NPP (Table 1).
respective losses of 264 TgCyr! and 18+7TgCyr L.
(Harvest and transport are assumed to have no net effect op Components of the net carbon budget
biospheric carbon accumulation.)

Of the total harvest, 60% is consumed in Australia and4.1 NPP and NEP
mostly contributes directly to the flux from the Australian
territory to the atmosphere. A small part of the wood har- For the purpose of regionalising NPP and NEP, we use the
vest flux contributes to the accumulation of the HWP stockbioclimatic classification shown in Fig. 3, a simple aggre-
at a rate of 1 TgCyrl. The exported harvest is returned to gation of classes from the agro-climatic classification of
the atmosphere as non-territorial emissions. Small exports ofutchinson et al. (2005) (Table 2, Fig. 3), which itself is
carbon by river (2 1 TgCyr 1) and dust (k=1 TgCyr 1) a digital reanalysis for Australia of the global scheme of
transport also contribute to non-territorial emissions. Hutchinson et al. (1992). Table 3 gives spatial extent, mean

During the same period, the stock of carbon in fos-
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Tropics Warm Temperate Mediterranean

Savanna Cool Temperate Desert

Fig. 4. Mean NPP (1990-2011), with boundaries of bioclimatic re-

Fig. 3. Bioclimatic classification for use in regionalisation of re- 9ions (Fig. 3, Table 5) indicated as solid lines.

sults.

Table 3. Spatial extent, mean annual temperature and precipitation

annual temperature and precipitation (1975-2011) for eacr(l)f the bioclimatic regions shown in Fig. 3.

bioclimatic region.

Area  Fractional Mean annual  Mean annual
_ o [108 km?] area T (1975-2011) precip.
4.1.1 Spatial distribution of mean NPP (%] [°C] (1975-2011)
[mmyr-1]

: : PR : __ Tropics 0.39 5.07 26.4 1345
Figure 4 shows th(=T spatial d|_str|but|on of mean NP_P (1990 Savanna 162 2131 242 704
2011) at 0.05 spatial resolution across the Australian con-  warm Temperate 0.32 4.27 17.2 808
tinent, as simulated using BIOS2. Spatially and temporally ~ Cool Temperate 0.34 4.47 124 881

iable dri t logical i t ir t t Mediterranean 0.55 7.22 16.8 420
variable drivers are meteorological inputs (air temperature, .. 439 57.66 218 206

incoming solar radiation, precipitation), vegetation cover (to-
tal leaf area index and its partition into woody and grassy

components) and soil properties (temporally invariant). Solid ] )
lines in Fig. 4 indicate the boundaries of the bioclimatic re- 1€ X-axis represents the centre year of each 22-yr period.

gions (Fig. 3) and emphasise the strong climate dependence€Veral features emerge from Fig. 6: (i) at the decadal time
of NPP. The NPP is strongly weighted to the eastern, northeri§¢ale, NPP is strongly correlated with precipitation; (ii) vari-

and south-western margins of the continent, with the remain@bility in NEP is more noisy (occurs at shorter time scales)
der of the continent having very low mean NPP. than variability in NPP; (iii) Mediterranean, cool temperate
and warm temperate regions have experienced below-median

4.1.2 Ranking the 1990-2011 period rainfall in each 22-yr period from 1986 onwards (includ-
ing 2010-2011, widely perceived as the break of a major
It is important to assess the 1990-2011 period in the contextirought from 2000-2009); (iv) in contrast, the tropics, sa-
of longer-term variability. Figure 5 shows the annual tem- vanna, desert and the continent as a whole have experienced
poral variations of continental mean precipitation, NPP, andabove-median rainfall during the same period; (v) the rank-
NEP, for 1911-2011. Precipitation is included because it isings of precipitation and NPP for the whole of Australia are
the single largest driver of variability in the Australian car- very similar to those for the desert region; (vi) continental
bon cycle. We assessed the representativeness of precipitBlEP reveals additional structure not seen in the desert, par-
tion, NPP and NEP during 1990-2011 compared with otherticularly a decline in the periods from 1986-1997, associated
22-yr periods in Fig. 5. The assessment was done by (i) conwith the tropics and savanna regions.
structing moving average and standard deviation time series Figure 7 shows the percentile rank of the 1990-2011 mean
of each quantity using a 22-yr window period; and (ii) con- and standard deviations of precipitation, NPP and NEP, rela-
verting each point in the time series to a percentile rank (i.etive to every other 22-yr period since 1911. The period 1990—
the percentage of points in the time series that have loweR011 was one of extremes in many respects: (i) precipita-
values than the point in question). tion in the tropics, savanna, desert and the whole of Australia
Results are shown in Fig. 6, for each bioclimatic region of was exceptionally high (cumulative probability GP99 %)
Fig. 3 and for the whole continent. The final point in each and variable (CP> 90 %); (i) NPP and NEP were corre-
time series is the percentile rank for the 1990-2011 periodspondingly high and highly variable in the savanna, desert
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Fig. 5. Annual time series of Australian continen{@ precipita- g = ool Temp
tion; (i) NPP; and(iii) NEP (NPP — RH in the absence of fire and EC,)
harvest). Shading represents dincertainties on the mean, and in- 5 8
cludes contributions from parameter uncertainties and forcing un- % L
certainties, as evaluated in Haverd et al. (2012).
50 Mediterr
and the whole of Australia (CP 85 %), but less so in the
tropics, where variability in temperature (particularly its in- 108
fluence on vapour pressure deficit) strongly influences vari-
ability in NPP and NEP; (iii) the cool temperate region suf- - Biser
fered from exceptionally low precipitation (GP10 %) and =6
NEP (CP< 3%), as a consequence of preceding decades of
below-median NPP (Fig. 6). 108
4.1.3 Mean NPP 1990-2011
50 Australia
Mean NPP for each bioclimatic region and for the whole
of Australia is shown in Fig. 8i, simulated at constantCO

; . . ) 0
(280 ppm, a pre-industrial concentration), and with actual 1920 1940 1960 1980 2000

(rising) CQy. Error bars representsluncertainties due to _ _ _ S
uncertainties in model parameters and forcing. The paramFEig- 6. Percentile rank time series of 22-yr averaged precipitation,
eter uncertainty component represents the constraint on NPPPP and NEP. Each pointis the percentile rank of the variable (pre-
predictions provided by multiple observation sets in the pa—c'p'tat".m’ NPP or NE'.D)’ aver.aged over a 22-yr V.V'ndow’ Centerfd
rameter estimation process (Haverd et al., 2012). The Aus?t the time on the x-axis. A point having a percentile rank of 100 %
tralian continental mean value (with rising. '@@Drciﬁg) on means that all other points in the time series have lower values.

a per unit area basis is 0.76 gAu—1, equivalent to 73 % of

the global mean of 1.04 gmdd* for a global land NPP of o in Fig. 8i. Each time series is the difference between

1 1
55PgCyr= (Crameretal., 2001) and 8614 PgCyr = (Ito, PP simulated at “rising C© and “constant C@’, relative
2011). This is taking Australia as 5.5% of the global land {5 the “constant Ce@ NPP.

area, and excluding Greenland and Antarctica. Rising CO

increases continental NPP by 13% compared with steady1.1.4 Mean NEP 1990-2011

preindustrial forcing. Higher increases of 15-16 % occur in

the tropics, savanna and desert (which are subject to verjdon-zero mean NEP (1990-2011) simulated by BIOS2, and
high temperatures and humidity deficits) and lower valuesshown in Fig. 9ii, is the consequence of variable meteorolog-
of 9—10 % in the temperate and Mediterranean regions. Thécal forcing (“constant C@'’) and a combination of variable
response of NPP to rising GQs also shown in time series meteorological forcing and CCiorcing (“rising CQ)").
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Fig. 7. Percentile ranks of the 1990-201i) mean and(ii) standard deviation of precipitation, NPP and NEP, relative to all other 22-yr
periods starting in successive years from 1911.

Responses of NEP to GQ@re plotted in Fig. 9ii. Interan-  with 1AV in rainfall. For the 1990-2011 period, IAV @) of
nual variations in the NPP responses (Fig. 9i) are amplified\NPP, relative to mean NPP, is 9 % for the continent, with high
in the NEP responses because of the time delay betweenalues of 14-15 % in the savanna, warm temperate, Mediter-
change in NPP and the consequent change in RH. For clarityanean and desert regions, and lower values of 8% in the
the responses are replotted in Fig. 9ii (inset) as 22-yr runningropics and cool temperate regions. The 1AV of NEP is sim-
means, revealing distinct responses for the different regionslar in absolute magnitude to that of NPP, with a continental
The largest response is in the desert region (4.5% of NPRalue of 8 %, relative to mean NPP.
in 2011), and the response for Australia is 3.5% of NPP in
2011. 4.2 Fire

Fig. 8ii shows that, with constant GQorcing, the trop-
ics, warm temperate and cool temperate regions would bg 2 1 Gross fire emissions
significant sources of COto the atmosphere, because the
averaging period (1990-2011) is preceded by a long perigyre 10i compares gross annual fire emissions derived us-
riod of declining NPP (Fig. 6). However, the GQe-  jhg the GFED and NGGI methodologies. Each point repre-
sponse is sufficiently strong that each bioclimatic region,sents an annual state (administrative unit) flux from one of
and the whole of Australia, is a net sink under a regimenree vegetation classes. The two estimates generally agree
of no disturbance. Error bars represent the Uncertain- el particularly for the forest and arid rangelands where the
ties in NEP resulting from 20% uncertainty in the partial NGG]| estimates are 20 % lower and 9 % higher respectively
derivative of NPP with respect to atmospheric ncen-  than the GFED estimates. The comparison of the savanna
tration, combined in quadrature with uncertainties due tOygodland estimates is slightly more complex. In this region,
uncertainties in model parameters and forcing. The contiyhe Queensland fuel loads were prescribed by state experts
nental NEP values of 0.004 grhd~* (constant CQ) and  \yhjle, for Northern Territory and Western Australia, they
0.029gm=d~*(rising COy) are equivalent to respective \ere based on field measurements. It is now clear that the
continental sinks 12 TgC yf and 80 TgCyr™. The sink un-  qeensland estimates were biased towards heavily grazed re-
der rising CQ is 59 % of the mean terrestrial global sink  gions of Western Queensland where the fuel loads are low in
(assuming a 1990-2011 average global sink of 2.6 PgEYr comparison to Cape York Peninsula where most fires oceur.
(Canadell et al., 2007; Pan et al., 2011), and taking the Ausgyc|yding the Queensland data, NGGI estimates for tropi-
tralian land surface are as 5.5 % of the global land surfacegy| savanna woodland are on average 13 % lower than GFED
excluding Greenland and Antarctica). However the com-estimates. Annual continental fire emissions (Fig. 10ii) also

bined effects of fire and LUC (Fig. 2ii) reduce the continental agree very well, with a mean bias of 17 % of GFED with
biospheric sink to 36 TJC y* or 27 % of the global mean respect to NGGI.

sink per unit area. Figure 11 shows the spatial distribution of GFED fire
emissions by month. Cool temperate fires occur in the Aus-
4.1.5 Interannual variability tral summer months (December—March). In contrast, intense

fires in the tropics occur May—November, corresponding to
As seen in the time series of Fig. 5, interannual variability the tropical dry season, with late season fires (September—
(IAV) of continental NPP and NEP is strongly associated October) being more intense. There is a migration of fire
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Fig. 9. (i) Response of NPP to increasing g®alculated as the dif-
— 002 ference between NPP simulated with rising£#hd pre-industrial
¥ ) CO, (280 ppm), relative to NPP simulated with pre-industrial CO
i (i) response of NEP to increasing gQ@alculated as the difference
o -0.02r between NEP simulated with rising G@nd pre-industrial CQ
= 004 relative to NPP simulated with pre-industrial €O
-0.06-
—0.0d sions are similarly high but show higher AV, because fuel
loads are more variable. The fire events in the desert coin-
-0.1 cide with years of high NPP associated with large rainfall

events; the extreme fire years of 2000 and 2001 followed sev-
eral extremely wet years in central Australia between 1997
and 1999.

The cool temperate region, usually a small source of fire
Fig. 8. (i) BIOS2 estimates of 1990-2011 mean NPP under pre-gmjssions, produced large emissions in the severe bush-
industrial CQ and increasing CQforpmg. ('.') BIOS2 estimates  fje seasons of 2003 and 2006 during a period of extended
of 1990-2011 mean NEP under pre-industrial,G@d rising CQ. drought (seen above in Fig. 6).

Error bars representluncertainties on the mean, and include con- . .

tributions from parameter uncertainties and forcing uncertainties, as m Ta,ble 2’_Wef_|'3t the mean fr,aCt'on of NPP burned by

evaluated in Haverd et al. (2012). region, its variability (&), and maximum value. On average,
biomass burning represents 6 % of continental NPP, slightly

less than the 1AV (&) of continental NPP (9 %, Sect. 3.1.4)

from west to east across the top end, corresponding to a tim@' continental NEP (8 %, Sect. 3.1.4). At2 % of NPP, the 1AV
lag in the onset of the dry season. During the dry season(,lo) of gross fire emissions is small compared to that of NPP

the air flows to the north-west from the arid rangelands inOr NEP.
central Australia to the Timor Sea and the fetch across the i .
arid interior to north-west Western Australia is particularly 4-2-2 Netfire emissions
long. Hence this region becomes fire prone very early in the
season, in contrast to the north east (Cape York, Queenéo-‘
land) where winds are east to south-east, sometimes off th ) . . :
ocean and therefore more humid. The seasonality of fire irjr' ese fires. Tr;e COI’I’E(;tIOh factor in Eq. (4) was approxi-
the rangelands is more variable than in the tropics; in themated as(l— %}f”m) using consistent estimates
south fires occur more frequently in the summer. In the north of Fry -r-1-H, Fru,-T-H and rNPR, aggregated spatially over
the seasonality of monsoons is the main driver. bioclimatic regions and over the 1990-2011 period. The ratio
Figure 12 shows time series of the GFED3 annual gross- in Eq. (4) was specified using the mean ratio of gross fire
fire emissions by region. The tropics are a persistently highemissions to mean NPP (Table 2), and the fire return inter-
source of gross fire emissions, while the savanna fire emisval was specified as 3yr (tropics and savanna), 50 yr (warm

1
=
[}
7]
@
a

Tropics +
Savanna -
Cool Tempt
Mediterr ~
Australia |-

Warm Temp -

nnual gross fire emissions from non-clearing fires were ad-
sted using Eg. (4) to obtain net annual emissions from
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Fig. 10. Comparison of GFED3 and NGGI GEC gross fire emission estimatdg. Annual fluxes per state per vegetation clg#¥;total
annual Australian continental fire emissions 1997-2009.

temperate and cool temperate) and 20 yr (Mediterranean andecline of 51 % during the period 1990-1995. The flux also
desert). takes into account the dynamics of regrowth and re-clearing
Results for each region and for the Australian continent areof forest land, which takes place particularly in the northeast
listed in Table 2. Net emissions are typically less than 5 % ofof Australia.
gross emissions, indicating that, over the averaging period of Second, the expansion of new forest largely results from
interest (1990-2011), the C lost due to burning fuel is ap-the conversion of grasslands to forest, which creates a CO
proximately matched by the additional heterotrophic respira-sink (1.1 Mha;—47.9 TgC) (Fig. 11). This flux was largely
tion that occurs in the absence of fire. Significant exceptiongriven by the increase of plantations, which grew from about
are the warm and cool temperate regions, where net fire emist Mha in 2003 to 1.8 Mha in 2006, largely attributable to
sions account for about 60 % of gross fire emissions. The reathe expansion of hardwood plantations, maifiycalyp-
son for this large fraction is that, owing to the long fire return tus (Montreal Process Implementation Group for Australia,
interval (50 yr), the biosphere does not recover to its pre-fire2008).
state within the averaging period (22 yr). Net fire emissions Carbon fluxes for non-Cfgreenhouse gases are negligi-
in the tropics and savanna are slightly negative. This does ndble for this type of land conversions and not part of the ac-
mean that fire is increasing the uptake of biospheric carborcounting of this paper.
in the long term. On the contrary, in the absence of fire more The change in stock of harvested wood producGwp
carbon is sequestered in the soil over hundreds of years prexccounts for a small carbon sink in the context of other ma-
ceding the 1990-2011 period. Because of this and becauger fluxes reported for the Australian terrestrial carbon bud-
the period 1990-2011 occurs after an extended decline imget. ACywp was estimated at 1.4 TgC in 1990, declining to
NPP (Fig. 7), more C is temporarily being released as RH1.2 TgC in 2009 (DCCEE, 2012). We use an annual average
during 1990-2011 in the simulations with no fire than in the across the period 1990-2009 of 1.3 TgCYr
simulations with fire. Production, consumption and export of in HWP, crops and
The net fire emissions in Table 2 need to be augmented bjivestock are given in Table 1 for the year 2004, as esti-
emissions from clearing fires. Graetz (2002) estimated thesenated by Peters et al. (2012), and extracted for Australia

to be 18+ 10 PgCyr?! (IAV, 10) which is close to the cur-
rent estimate of 23 5PgCyr ! for 1990-2010 (DCCEE,
2012). Gross emissions from these fires are converted er(6.4 TgCyr 1) and livestock (3.1 TgCyrb). In 2004 there
tirely to net emissions (Graetz, 2002).

4.3 Land use change and harvest

for this work. Of these harvest types, crops dominate pro-
duction (19 TgCyrl), with smaller productions of HWP

was a net import of HWP (6 % of production), while 45 % of
crop production and 63 % of livestock production were ex-
ported.

Net cumulative emissions from land use change were4.4 Riverine transport
359 TgC during the 1990-2009 period with mean annual
emissions of 21.4 TgC for the 1990s and 14.4 TgC for theThe estimated DOC flux has been computed for each

2000s.

COSCAT zone receiving water from Australia (Table 4).

This cumulative net flux over 20 yr was the result of two There is a trend for DOC concentrations to increase towards

major land use changes, the first being the conversion of forthe south of the continent relative to the wet tropical regions
est to grassland (12.9 Mha; 359 TgC) and forest to croplando the north (Fig. 13). This may reflect longer transit times
(4.4Mha; 47 TgC) (Fig. 11). This dominant flux remained for rainfall to reach the coast thereby allowing more time
quite stable on average throughout the period after an initiafor leaching of organic matter. The total DOC flux across
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i oG Table 4. Mean annual runoff (Raupach et al., 2009) draining into
L Australian COSCAT regions (Fig. 13), mean DOC concentrations
B computed from observed concentration data (italics denote assumed
DOC concentration used to compute DOC fluxes), and DOC fluxes
computed using each of the three runoff estimates. Fluxes were cal-
culated using the maximum concentration observed in region 1411.

Fig. 11. Ensemble average GFED G@ gross fire emissions
0.5° x 0.5° grid cell (1997-2009) by month.

the Australian coastline is estimated to be 2.83TgCyr 1. COSCAT  Number — ~ Runoff - MeanDOC ~ DOC flux

. . 1 —1
This number is a preliminary estimate and could be refined na ir:fgg: of basslqs [GLZZJO [mg/i]z [GgCyr 533
as more DOC concentration data become available (presently 1403 62 76273 6.3 481
available for only 33 of the total 246 basins). 1410 37 40157 5 201
Runoff estimates for Australia differ by roughty5 % 1411 95 79600 3-134 1067
(not shown) suggesting a relatively small error in flux esti- 1412 18 3869 12.8 50
mates is attributable to uncertainty in runoff. Far greater un- ﬂﬁ 1‘31 ) g%z 1:;.0 o 127
certainty can be attributed by the relatively large range of 1415 55 128840 26 335
measured values for any given river. This variability must
Total 325 353931 2309

stem in part from the timing of flow events relative to field

sampling. Field sampling on a weekly or less frequent basis
may miss a significant proportion of the total DOC flux. Bass
et al. (2011) suggest that insufficient temporal resolution of
DOC measurements can lead to underestimating the flux bf}‘S Dust transport

a factor of two or more.

There are several significant complications which are notAustralia is the largest source of atmospheric dust and sub-
accounted for in the above approach. First, there is no dissequent dust deposition (outside Australia) within the South-

tinction between the DOC flux in the significant portion €M Hemisphere (Tanaka and Chiba, 2006). This is primar-
of runoff that does not reach the sea and that which doeslly due to the arid climate across much of Australia (rain-
This is probably important: for example, of an estimated fall <1mm d—l)_ and consequen_tly low 5_0" moisture gnd
27041 GLyr of gauged runoff within the Murray—Darling SParse vegetation coverage. Wind erosion is the primary
Basin, just 4733 GL reach the ocean (CSIRO, 2008). Secmeans of dust uplift, although human activities also con-
ond, there is a chance that the typical DOC concentrations relibute (Boon et al., 1998). Australian emissions account
ported (and used here) have missed the initial surge of leacHOr 59 % of total Southern Hemisphere emissions, 34 % of
ing and remineralisation which is likely to occur within the the dust burden of the Southern Ocean (Li et al.,, 2008)
first few days of rainfall or flooding after an extended dry pe- and significantly mﬂuence atmospheric dust loading within
riod (Glazebrook and Robertson, 1999; Hladyz et al., 2011) the Southern Hemisphere (Luo et al., 2003). However, Aus-
Third, remineralisation of DOC as water moves downstreamtralian emissions only contribute 5% to global emissions
along a river is not accounted for, and is probably important(™ 1000-2000 Tgyr*, Tanaka and Chiba, 2006), since ma-

because the fraction of total organic carbon present as DOGOr Northern Hemisphere source regions (e.g. northern Africa
can be highly variable (e.g. Vink et al., 2005). and Asia) produce substantially larger emissions. The lack of

significant influence of Northern Hemisphere dust emissions
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Table 5. Australian continental dust: annual emission, deposition, export and emission as % global emission.

Reference Emission Total Export % Dry Wet % global
[Tgyr1] Depos. [Tgyri] exported depos. depos. emission
[Tgyr Y [Tgyr™1] [Tgyr Y]
Tanaka and Chiba (2006) 106 106 0 0.0 65 41 5.7
Luo et al. (2003) 132 129 3 2.3 70 59 8.0
Miller et al. (2004) 148 46 102 68.9 44 2 15.0
Yue et al. (2009) 73 46 27 37.0 38 8
Zender et al. (2003) 37 27 10 27.0 2.5
Ginoux et al. (2004 61 45 16 27.0 2.9
Li et al. (2008} 120 88 32 27.0 5.2
Werner et al. (2002) 52 38 14 27.0 4.9
Mean 91 65 26 27.0 6.3
SD 41 37 33 30 4.2

* Full dust budget not published. Export and total deposition calculated assuming Export accounts for 27 % of Emission.
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Fig. 14. Annual CG-C fluxes from land use change (TgC).

Fig. 13. Australian water catchments grouped by COSCAT zonesBOth total em|SS|on. estimates gnd the fraction of dust ex-
(filled colours). Bold numbers denote COSCAT zones. ltalicised por_ted_ from Australla vary co_n&derably (Table 5). Of the 8
numbers denote representative DOC concentrations [fcom emission estimates provided in Table 5, only four are accom-
measurements taken in adjacent catchment rivers. COSCAT zondaanied by a full budget, leading to a mean estimate of 27 % of
are based on a combination of coastal shelf morphology, coastaflust emissions being exported out of Australia. Applying this
current patterns, and climate gradients (Meybeck, Durr, and Voros-estimate of 27 % to the remaining 4 emission estimates pro-
marty, 2006). vides a set of 8 estimates of the total mass of dust exported
from Australia annually. The mean annual estimate of dust
o ) ] export from Australia is 26 33(10) Tgyr—1. The remain-
within the Southern Hemisphere is due to the short atmoqng qust is deposited elsewhere on the Australian continent,
spheric lifetime of dust. primarily through dry deposition (Yue et al., 2009; Tanaka
Dust emissions peak from October—February and the magnq chiba, 2006; Luo et al., 2003), although the proportion
jor source regions within Australia are the Great Artesian yf dry vs. wet deposition varies significantly.
Basin in Central Australia and the Murray—Darling Basin (Li Assuming a dust carbon content of:B% (Sect. 2.5

etal., 2008; Maher etal., 2010). Dust emission and export arghove) and a 100 % uncertainty estimate on net dust export
also characterized by short-lived, sporadic, intense eventgeads to an estimate of£1 TgCyrL.

sometimes resulting in short-lived, offshore ocean fertiliza-

tion due to high iron content (Luo et al., 2008). The major 4.6 Fossil fuel emissions

pathways of dust export are to the south-east of the continent

and, to a lesser extent, the north-west (Maher et al., 2010). Carbon and green house gas (GHG) accounts are convention-
ally referenced to territorial regions, and account for emis-
sions from within the region to the atmosphere. On this

Biogeosciences, 10, 85869, 2013 www.biogeosciences.net/10/851/2013/
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to formally meet its Kyoto commitment of an 8 % increase in
emissions from 1990 to 2008—-2012. However, the underlying
emissions growth from fossil fuels is much higher.

The above figures for COemissions for fossil fuels re-
flect territorial emissions from fossil-fuel combustion within
Australia’s borders. An even larger contribution comes from

el export of mined fossil fuels, mainly coal and gas. Australia
’ is the world’s largest coal exporter, responsible for about
5% of total world coal production. Australia’s total black
o (thermal and metallurgical) coal production in 2009—2010
250 was 356 Mt (about 270 TgC, assuming a carbon content of
75 %), of which 300 Mt coal (225 TgC) was exported, with
the major export destinations being Japan, Korea, Taiwan,
India and China (ABARES, 2011). Coal exports are grow-
ing rapidly (~3%yr 1 over 2005-2010, and faster since
then). Additional brown coal (lignite) production is around
30% of black coal production in carbon terms, but is not
exported. Gas production for Australia in 2009-2010 was
1954 PJ (petajoules) or about 24 TgC, of which about 16 TgC
Fig. 15. Millions of tons (Mt) of COQ, embodied in trade in 2004. were exported. In _qugid fuels_ (including liquefied petroleum
The upper panel shows regional differences between extraction ang3S: LPG) Australia is a net importer at about 19 Gtyor
production emissions (i.e. the net effect of emissions from traded.> TYCYr* (2009-2010 data; ABARES, 2011). Across all
fossil fuels), and the lower panel shows regional differences befossil fuels (solid, liquid, gas), Australia’s net exports were
tween production and consumption emissions (i.e. the net effect oflose to 241 TgC (2009-2010), with black coal being the
emissions embodied in goods and services). Net exporting counkargest flow by far. This is about twice the territorial €0
tries are shown in blue and net importing countries in red. Arrows emissions from Australia by fossil fuel combustion. This es-
in each panel depict the fluxes of emissions (MgG@1) toand  timate of FF exports, and the assumption of a fixed growth
from Australia greater than 9 Mt GQr—1. Fluxes to and from Eu- rate of 0.06yrl, leads to an estimate of 140 TgC¥rfor
rope are aggregated to include all 27 member states of the Europegfe mean FF export over the 1990-2011 period. Major des-
Union. tination countries included Japan, Korea, Taiwan, India and
China (Fig. 15, upper). Australia also imported and burned
fossil fuels extracted in other regions, mostly oil from the
basis, Australia’s total GHG emissions in 2009-2010, ex-Middle East and Vietnam (Davis et al., 2011).
cluding net CQ emissions from land use, land use change
and forestry (LULUCF), were 148 TgC-equivalentyr or 4.7 Embodied carbon flows
543 TgCQ-equivalentyr? in the units conventionally used
in greenhouse accounting (DCCEE, 2012). Thesex-CO International trade in goods and services also embodies CO
equivalent emissions include all Kyoto GHGs (£@@H;y, emissions. For example, emissions produced during the man-
N2O, HFCs, PFCs, §. Of these emissions, GOnakes by  ufacture of goods for export may be attributed to the country
far the largest contribution at 110 TgCyr, due almost en-  where the goods are consumed. In this way, goods and ser-
tirely to emissions from fossil fuel combustion. The 1990- vices consumed in Australia in 2004 were associated with
2011 average fossil fuel emission was 95.1 TgClyThus, 361 Mt CQ, with net exports of 16 Mt C@mostly destined
Australia’s fossil fuel emissions are both the largest singlefor the EU, Japan and the US (Fig. 15, lower). Of exported
contribution to its total GHG emissions (about 74 %), and emissions, the vast majority (83 %) were embodied in inter-
also a major term in its full carbon budget (Eq. 1). mediate goods for input to further manufacturing processes
Australia’s emissions have also grown rapidly from 1990 elsewhere. Among the exported emissions embodied in fi-
to 2009-2010, the last period for which finalised data arenal goods, 46 % were associated with just four industry sec-
available. Excluding LULUCF, fossil-fuel COemissions  tors: air transport, machinery, beef, and motor vehicles/parts.
have grown by 50 % (76 to 114 TgCyrfrom 1990 to 2009—  Emissions embodied in imports were similarly concentrated
2010) and total GHG emissions by 30% (114 to 148 TgC-in four sectors: machinery, electronic equipment, motor ve-
equivalentyr?). Including LULUCF, the growth in total hicles/parts, and unclassified transport (Davis and Caldeira,
GHG emissions has been much smaller (4 % over 20yr), be2010).
cause the baseline year, 1990, was a year of very high LU- Australian territorial emissions have grown steadily since
LUCF emissions (DCCEE, 2012) followed by step reduc- 1990 (Sect. 4.6). However, the Australian economy is heav-
tions over the following five years. This will allow Australia ily dependent on mining and energy-intensive manufacturing
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(e.g. aluminium), much of which is exported. When allocat- that become more negative over time. The inversions with
ing the emissions in Australia required to produce exportechigher fossil emissions do not show correspondingly lower
products, 25 % (20 TgC) of Australia’s carbon emissions innet biosphere fluxes. It is apparent that global inversions

1990 were from the production of exported products and thisdriven by baseline C®observations provide no meaningful
almost doubled in size in 2008 to 41 % of the domestic emis-constraint on Australian fluxes.

sions (39 TgC) (Peters et al., 2011, Fig. 1). In terms of im-
ports, in 1990 10 TgC, representing 13 % of Australia’s do-

mestic emissions, were emitted in other countries to produc® Summary

imports into Australia and this more than doubled to 24 TgC

(25 %) by 2008 (Peters et al., 2011; Fig. 1). Thus, Australia¥€y findings emerging from the construction of the full Aus-

is a net exporter of carbon emissions to the rest of the worl

increasing 50 % from a net export of 10 TgC (13 % domes- 1.

tic emissions) in 1990 to a net export of 15TgC (16 %) in
2008. Consequently, after adjusting for the net trade in em-
bodied carbon emissions (Peters, 2008), consumption-based
emissions in Australia are lower than the territorial emissions
with the gap increasing over time.

Consumption-based (embodied) carbon emissions and the
flows of carbon in traded fossil fuels are not included in terri-
torial or production-based national carbon budgets. However,
these flows help to understand the drivers of changes in na-
tional emission profiles over time and how they relate to the
global total fossil fuel emissions (Peters et al., 2008; Davis
and Caldeira, 2010).

5 Analysis of global inversions

Fourteen sets of estimated fluxes are available from a range
of global inversions (Peylin, 2013). Coarse-resolution inver-
sions (such as the TransCom cases) solve for Australia as a

single region combined with New Zealand. Other inversions 3.

solve for sub-regions of Australia, or at model grid-scale.
However the major limitation of all these inversions is the
atmospheric C@ data for the Australian region. Typically
the inversions include flask records at Cape Grim (148,7
40.7 S) and Cape Ferguson (147H, 19.3 S). However
these are taken under baseline conditions, which are designed
to avoid sampling air that has recently crossed the Australian
continent. Some inversions also use aircraft measurements
taken on Japan to Sydney flights, but these are from around
10km altitude. Thus none of the global inversions consid-
ered here includes atmospheric £@easurements that are
representative of air that has had recent contact with the

Australian continent. Consequently the estimated fluxes are g

highly dependent on prior information included in the inver-
sion, typically fluxes from a biosphere model simulation such
as CASA (Randerson et al., 1997).

The inversions were run for different time periods
with fossil emissions taken as well known (though not

prescribed identically for different inversions). Decadal 7.

mean §iae — Frp) for Australia ranges from—0.26 to
0.31PgCyr! with most variation being across models and

a smaller variation being across the years used to make the
decadal mean. Some inversions show decadal mean fluxes

Biogeosciences, 10, 85869, 2013

gtralian carbon budget (1990-2011) are listed below.

Climate variability and rising C®contributed 12+ 24

and 68+ 15TgCyr! to biospheric C accumulation.
The relative contributions of these forcings varied
across bioclimatic regions. One extreme was the desert
region, where C@fertilisation reinforced the positive
impact on NEP of extremely high rainfall in 1990-2011,
preceded by several decades of increasing rainfall. The
other extreme was the cool temperate region wherg CO
fertilisation was only just sufficient to offset the negative
impact of decades of drought on NEP. The response of
NPP to rising CQ varies regionally, being higher for re-
gions where gross primary production (GPP) is strongly
influenced by high humidity deficit.

. Net ecosystem productivity is partially offset by fire

and LUC, which cause net losses of 26 TgCyr?!
and 18+ 7 TgCyr ! from the biosphere. The resultant
NBP of 36+ 29 TgCyr ! offsets fossil fuel emissions
(954 6 TgC yr 1) by 324 30 %.

Gross fire emissions account for 6 % of continental NPP,
approximately the same as the interannual variabil-
ity in NPP. However net fire emissions, largely associ-
ated with clearing fires, account for only 1 % of NPP.

4. Lateral transport of C as DOC in rivers accounts for

0.1% of NPP, while net export of C by dust is smaller
at 0.05%. Both transport terms have large uncertainties
of ~100 %.

5. Land use change emissions (the net effect of deforesta-

tion and reafforestation) is a similar magnitude to net
fire emissions, accounting for 1 % of NPP.

Australia exported 1.5 times as much fossil-fuel carbon
as it consumed in territorial emissions (1990-2010).
However this ratio is growing rapidly, with 2009-2010
exports being 2.5 times larger than territorial emissions
from fossil fuels.

The interannual variability in NEP and hence NBP ex-
ceeds Australia’s total carbon emissions by fossil fuel
consumption, and indeed its total anthropogenic GHG
emissions accounted under extant territorial GHG in-
ventories.

www.biogeosciences.net/10/851/2013/
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8. Global atmospheric inversion studies do not meaning-

fully constrain the Australian terrestrial carbon budget.
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