
1.  Introduction
Carbon budgets are comprehensive assessments of anthropogenic and natural sources and sinks of carbon, 
providing key information for the development of international and national climate policies (Canadell, Costa, 

Abstract  Regional carbon budget assessments attribute and track changes in carbon sources and sinks 
and support the development and monitoring the efficacy of climate policies. We present a comprehensive 
assessment of the natural and anthropogenic carbon (C-CO2) fluxes for Australasia as a whole, as well as for 
Australia and New Zealand individually, for the period from 2010 to 2019, using two approaches: bottom-up 
methods that integrate flux estimates from land-surface models, data-driven models, and inventory estimates; 
and top-down atmospheric inversions based on satellite and in situ measurements. Our bottom-up decadal 
assessment suggests that Australasia's net carbon balance was close to carbon neutral (−0.4 ± 77.0 TgC yr −1). 
However, substantial uncertainties remain in this estimate, primarily driven by the large spread between 
our regional terrestrial biosphere simulations and predictions from global ecosystem models. Within 
Australasia, Australia was a net source of 38.2 ± 75.8 TgC yr −1, and New Zealand was a net CO2 sink of 
−38.6 ± 13.4 TgC yr −1. The top-down approach using atmospheric CO2 inversions indicates that fluxes derived 
from the latest satellite retrievals are consistent within the range of uncertainties with Australia's bottom-up 
budget. For New Zealand, the best agreement was found with a national scale flux inversion estimate based 
on in situ measurements, which provide better constrained of fluxes than satellite flux inversions. This study 
marks an important step toward a more comprehensive understanding of the net CO2 balance in both countries, 
facilitating the improvement of carbon accounting approaches and strategies to reduce emissions.

Plain Language Summary  Human activities—including the extraction and use of fossil fuels 
(coal, oil, and natural gas), cement production, and land-use change (e.g., land clearing), release carbon dioxide 
(CO2) to the atmosphere, while biospheric processes such as the CO2 uptake by forests and revegetation remove 
CO2 from the atmosphere. In this study, we assess the balance of natural and human-driven sources and sinks 
of CO2 for Australia and New Zealand (referred to as the Australasia carbon budget) for 2010–2019. Our 
findings indicate that Australasia was close to carbon neutral, with large uncertainties, suggesting that the CO2 
sinks from vegetation in this region largely offset the CO2 emissions from human activities. An independent 
assessment using the latest satellite observations and modeling shows consistent results for Australia. For New 
Zealand, a national system of ground observations and modeling agreed better with the bottom-up budget than 
satellite-derived flux estimates.
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Key Points:
•	 �We synthesize Australasia's carbon 

C-CO2 budget (together with Australia 
and New Zealand) based on bottom-up 
and top-down approaches

•	 �Australasia's bottom-up carbon budget 
suggests that this region was close to 
neutral (−0.4 ± 77.0 TgC yr −1) from 
2010 to 2019

•	 �Australasia's annual CO2 balance 
fluctuates significantly, particularly 
in Australia, shifting from a strong 
carbon sink to a strong carbon source
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et al., 2021; Canadell, Meyer, et al., 2021; Friedlingstein et al., 2022; Matthews et al., 2020). With this purpose, 
the second phase of the REgional Carbon Cycle Assessment and Processes (RECCAP-2) (Ciais et al., 2022) 
coordinated by the Global Carbon Project (GCP), has developed regional CO2, methane (CH4), and nitrous oxide 
(N2O) budgets for the entire globe, covering 10 land regions (North America, South America, Europe, Africa, 
West Asia, South Asia, East Asia, Russia, Southeast Asia, and Australasia), five ocean basins (Pacific Ocean, 
Atlantic Ocean, Southern Ocean, Artic Ocean, and Indian Ocean), and two regions of special interest (permafrost 
and polar regions) (Poulter et al., 2022).

RECCAP-2 budgets are different from the national GHG inventories (NGHGIs) prepared by governments and 
submitted to the United Nations Framework Convention on Climate Change (UNFCCC). NGHGIs provide 
country-level emission estimates from human activities based on sector activity data or by targeting all GHG 
fluxes for the same sectors in areas defined as managed lands (Grassi et al., 2023). RECCAP-2 budgets cover 
all lands of a region (managed and unmanaged) and include all natural and anthropogenic sources and sinks 
estimated with process-based land-surface models, atmospheric information and modeling, and a myriad of inde-
pendent data sources and estimates that also includes data from the NGHGIs.

In this study, we build a carbon budget for one of the RECCAP-2 land regions, Australasia, which consists of 
Australia and New Zealand. For the first phase of RECCAP (RECCAP-1), a carbon budget for Australia was 
produced for the period 1990–2011 (Haverd et al., 2013). Other studies have addressed components of the role 
and dynamics of Australia and New Zealand's biospheric fluxes (Baisden et  al.,  2001; Beringer et  al.,  2022; 
Haverd et al., 2016; Roxburgh et al., 2004; Tate et al., 2000; Teckentrup et al., 2021; Trotter et al., 2004; Trudinger 
et al., 2016; Wang & Barrett, 2003). In addition, recent studies have provided estimates of the net carbon balance 
of these countries based on global and regional atmospheric inversions (Byrne et al., 2023; Steinkamp et al., 2017; 
Villalobos et al., 2022). The reconciliation between bottom-up and top-down approaches remains a challenge 
because bottom-up approaches often report only a sub-set of all fluxes, while atmospheric inversions have their 
own limitations, such as having few surface observations and low resolution of satellite products.

Here, we greatly expand previous work by providing for the first time a territorial carbon budget assessment 
that incorporates (a) all major natural and anthropogenic carbon fluxes; (b) the complete components of the 
land-to-ocean aquatic continuum (LOAC) system (i.e., carbon fluxes from river and lakes, reservoirs, estuar-
ies, mangroves, salt marshes, and seagrasses, and continental shelves); and (c) an assessment of the net CO2 
balance for Australia and New Zealand based on global and regional inverse CO2-flux estimates, which rely on 
satellite-based CO2 remote sensing and in situ measurements.

In addition to the territorial carbon budget quantified using the bottom-up and top-down approaches, we esti-
mated non-territorial emissions, which are the emissions associated with the net trade of fossil fuels, crop, wood, 
and livestock to and from other countries. Non-territorial emissions from these products occur in the country 
where they are consumed, and not in Australasia where they are extracted or produced and subsequently exported 
outside the country. These emissions are not considered under the UNFCCC reporting guidelines, which require 
countries to report on their territorial anthropogenic emissions only. However, non-territorial emission estimates 
provide insights into the territorial origins of carbon emitted elsewhere and support exploring additional climate 
policy options to reduce global anthropogenic emissions.

We structure this paper as follows: Section 1, this introduction. Section 2 describes the methods of the bottom-up 
and top-down approaches used in this study. Section 3 provides a synthesis of results for the bottom-up carbon 
budget for Australasia, and for Australia and New Zealand separately, for 2010–2019, and the results of different 
CO2 atmospheric inversions (top-down approaches). Section 4 discusses the results and attempts to reconcile the 
different approaches and estimates. Supporting Information S1 provides a detailed description of the methods and 
data used to estimate each individual flux component of the budgets, and additional results.

2.  Methods
We followed the RECCAP-2 land carbon definition methods published by Ciais et al.  (2022) to provide a full 
assessment of the carbon balance for Australasia (Figure 1). We note that for the construction of the budget, we 
did not account for carbon embedded in CH4, carbon monoxide (CO), or volatile organic compound (VOC) fluxes, 
and the carbon estimates provided in this study are based on the land–atmospheric CO2 exchange (in and out) of 
the carbon pools (vertical arrows in Figure 1) and the lateral solid carbon transfer from these pools to the ocean 
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and trade overseas (horizontal arrows in Figure 1). We defined the territory atmospheric net carbon balance (ΔCT, 
Section 2.1) as the net carbon flux of all territorial anthropogenic and natural carbon sources and sinks to and 
from the atmosphere. In addition, we also estimated the non-territorial emissions (ΔCNT). ΔCT and ΔCNT, together 
(Equation 1), represent the total net impact of territorial and non-territorial emissions (ΔCA) on atmospheric CO2.

∆CA = ∆CT + ∆CNT� (1)

Here, ΔCT was estimated using bottom-up (Section 2.1) and top-down approaches (Section 2.2), while CNT was 
calculated using bottom-up methods. We describe both approaches in the section below.

2.1.  Bottom-Up Approach

2.1.1.  Territorial Atmospheric Net Carbon Balance

We estimated ΔCT (Equation 2) as the sum of all vertical carbon fluxes (F) that flow in and out of the terrestrial 
(ΔCB), biological product (ΔCBP), geological (ΔCG), and fossil fuel pools (ΔCFF), as well as the individual pools 
of the land-to-ocean aquatic continuum (LOAC): inland water ecosystem (ΔCIW), estuaries (ΔCES) and coastal 
wetlands (ΔCCW) (Figure 1). Fluxes from the continental shelves (FW−A,CS) were not included in the budgets or 
net carbon balance of Australasia.

∆CT = (−FNEE + FFI − FLUC + FAG − FWA) + (FW−A,R + FW−A,LR
)

+ (FES − FCW) + (FWD + FCC + FLC) + FWA + FFF

� (2)

We adopt the atmospheric and climate viewpoints to determine the sign of fluxes. A negative sign in vertical 
fluxes (F) indicates a removal from the atmosphere (a sink to the land), and a positive value indicates an addition 
to the atmosphere (a source from the land, freshwaters, and estuaries). However, a positive sign of the net carbon 
stock change, ΔC, indicates an increased carbon stock in the atmosphere, land, or freshwater pools. Consistent 
with this definition, ecosystem productivity quantities such as gross primary productivity (GPP) or net primary 

Figure 1.  Diagram representing the major components of the Australasia carbon budget (bottom-up approach). Carbon stocks are shown in boxes, fluxes in and out of 
the atmosphere as vertical solid arrows, and lateral transfers as horizontal solid arrows. Fluxes with dashed arrows are not part of either ∆CT or ∆CNT but are shown in 
the diagram because they represent important information about the carbon cycle of the region.
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production (NPP) have positive signs. In this section, we briefly explain the bottom-up components. A summary 
of the data product and references/uncertainties are described in Table 1 and the Supporting Information S1.

Dominant vertical carbon fluxes in ΔCB, such as primary productivity (FNPP) and heterotrophic respiration 
(FRh), and net ecosystem productivity (FNEP; referred to as FNEE in Figure 1) were calculated by combining three 
different model simulations: CABLE-POP model for Australia (Text S1.1 in Supporting Information S1), the 
Biome-BGCMuso and CenW models for New Zealand (Text S1.3 in Supporting Information S1). Each of the 
models was driven by their own regional drivers and observations, which leads to better and more realistic quan-
tification of the land fluxes than global simulations.

CABLE-POP simulations for Australia were run from 1900 to 2019 under two simulation cases. For the first case 
(defined as scenario S2), the CABLE model was only driven by changes in climate and rising atmospheric CO2 
concentration, while in the second scenario (S3), the model also included the effect of land use change in addition 
to changes in CO2 concentration and climate. For case S3, CABLE-POP uses the Land-Use Harmonization data set 
(LUH2). However, for the last 10 years of simulation, we replaced the LUH2 LUC flux with the Australian NGHGI 
LUC flux (referred to as FLUC in Figure 1). We did this because FLUC fluxes derived from the LUH2 global data set 
vastly differ from the nationally based and high-resolution estimates used in the Australian NGHGI reports (Text 
S1.1, Figures S16 and S17 in Supporting Information S1). FNPP, FRh, and FNEP simulated by CABLE-POP were 
also adjusted by the land use change effect (S3-S2). Further note that both Australia and New Zealand consider 
all lands to be managed lands for the purposes of the NGHGI, with relatively small exceptions to both countries. 
For Australia, 93% of the total land is managed, and for New Zealand, only wetlands are considered unmanaged.

To assess the carbon flux uncertainties (FNPP, FGPP, FNEE) for both Australia and New Zealand simulations, we computed 
the multi-model ensemble spread (standard deviation) between our regional predictions and simulations from a suite 
of different global ecosystem models (i.e., TRENDY simulations obtained from the GCP Global Carbon Budget; 
Friedlingstein et al., 2020) (Text S1.1.3 in Supporting Information S1). Here, the uncertainties do not represent errors 
within the model per se but rather a static analysis between our regional estimate and the current knowledge of different 
global ecosystem simulations. Model uncertainties associated with parameter values or driving forcing (such as mete-
orological data) must be carefully quantified; however, that work is beyond the scope of this study.

New Zealand's NGHGI land sector does not report net fire emissions, which is negligible in comparison with 
Australia, and these are accounted indirectly within New Zealand's FLUC estimate (Figure 3). For Australia, the net 
carbon emissions from fires (FFI), i.e., fire emission counterbalanced by the CO2 uptake during post-fire vegeta-
tion recovery (Text S3.1 in Supporting Information S1), were obtained from the Australian NGHGI report. Here, 
the contribution of FFI was restricted to temperate forests and tropical savanna ecosystems, as we assume that the 
rest of Australia dominated by herbaceous ecosystems, the balance of gross fire emissions and post-fire seques-
tration is carbon neutral (Figure S1 in Supporting Information S1). In addition, we also provide the net gross fire 
fluxes for Australia and New Zealand derived from global fire data sets: GFED, GFAS, and QFED (Text S3.2 in 
Supporting Information S1). Uncertainties from FLUC, FFI and ΔCHWP correspond to the uncertainties reported in 
the NGHGI land sector. Uncertainties reported in the agricultural (FAG), and waste (FWA) components were also 
taken from the NGHGI report (Text S5 in Supporting Information S1), Carbon fluxes from the fossil fuel emis-
sions were also obtained from Australia and New Zealand NGHGI reports. However, because these reports only 
provide information under energy and industry sectors, the attribution of emissions to coal, oil, gas, and cement 
production (FFF) (Text S4 in Supporting Information S1) was obtained from Andrew and Peters (2021), which 
uses the NGHGIs as primary data sources We assigned a 5% uncertainty to FFF emissions, consistent with the 
high confidence given to most fossil fuel emissions derived from IEA statistics and the Global Carbon Project.

Some lateral carbon fluxes in ΔCB, such as the carbon transport from soils to inland water FS−W,C (i.e., carbon leached 
or eroded from soils) were estimated by mass balance (Equation 3). In Equation 3, we considered fluxes from river 
(FRI) (Text S6.1.1 in Supporting Information S1), lakes/reservoirs outgassing (FLR) (Text S6.1.4 in Supporting Informa-
tion S1), and the lateral transfer of dissolved organic carbon (DOC) (FW−C,DOC) and particulate organic carbon (POC) 
(FW−C,POC) (Text S6.1.3 in Supporting Information S1) that goes into estuaries and coastal wetlands, and the carbon 
burial rates in lakes and reservoirs (Text S6.1.5 in Supporting Information S1). River transfers of DIC sourced from 
chemical rock weathering (geological carbon pool) were also included in this estimate. While inland water uncer-
tainties from both FRI and FLR were calculated based on different peer-reviewed published studies (as reviewed in 
Lauerwald et al. (2023); Table S1 in Supporting Information S1), uncertainties from lateral carbon transport such as 
DOC, POC, and DIC were assumed to be a relative uncertainty of 50% as described in Ciais et al. (2021).
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FS−W,C = FW−A,R + FW−A,LR + FW−C,DOC + FW−C,POC + FW−C,DIC + FCB−RL� (3)

Other lateral carbon fluxes in ΔCB are related to the production of crop and wood for human and 
animal consumption. Here, these lateral fluxes were defined as FHW (harvested wood production flux) 
and FCH (crop production flux) (Text S7 in Supporting Information  S1). We only considered the 
carbon pool in harvested wood products (ΔCHWP), and changes in other product pools were considered 
negligible on annual to decadal scales. Uncertainties around ΔCHWP correspond to the uncertainties 
described in the NGHGI.

Carbon loss due to decay (or decomposition) of wood products (FWD) was calculated by mass balance 
(Equation 4), which considers the gross production of wood harvest, wood export and import, and 
what is storage in ΔCHWP as follows:

FWD = FWH − (∆CHWP + FWE) + FIMP� (4)

Given that FRh was simulated by land surface process models (Texts S1.1 and S1.3 in Supporting 
Information S1), which do not represent the influences of harvesting wood or crop, or the carbon that 
is transported from soils to inland waters, FRh was adjusted for these influences. We subtracted the 
effect of harvest (FWH, FCH, FLP), and FS−W,C from FRh, because once the crops or wood are harvested 
and exported elsewhere, it cannot be respired by plants.

We also considered the weathering-related dissolved inorganic carbon (DIC) flux (Text S6.1.2 in 
Supporting Information  S1) transported into estuaries and coastal wetlands. This carbon flux is 
sourced to a large part from CO2 that is sequestered in the weathering process and to a smaller part 
from the dissolution of carbonate minerals. They represent an important source of dissolved carbon 
that goes to rivers, estuaries, and coastal wetlands.

Air-water CO2 exchange in estuaries (Text S6.2.1 in Supporting Information S1) and coastal wetlands 
(Text S6.2.3 in Supporting Information S1) were represented as FES and FCW, respectively. FCW repre-
sents the CO2 net ecosystem exchange (NEE) in the near-shore coastal vegetation ecosystems (mangrove 
forests, salt marshes, and submerged seagrass meadows) with salinity >0.5. Here, NEE also uses the 
atmospheric convention; therefore, a negative sign denotes carbon uptake by the ecosystem and a posi-
tive NEE denotes CO2 release into the atmosphere. These estimates rely on a global upscaling method 
based on global averages taken from eddy-covariance measurements across other regions in the world 
(Rosentreter et al., 2023). Freshwater tidal marshes (<0.5 salinity) were excluded as well as unvegetated 
coastal areas such as sandy sediments and bare rocks. Estuaries and coastal wetland uncertainties were 
derived from bootstrapping methods where a full set of statistics including the first (Q1) and third (Q3) 
quartiles of the data sets were generated (see uncertainty analysis section in Rosentreter et al., 2023). 
From this full set of statistics, we calculated the associate standard deviation included in this study. We 
also included the soil carbon rates of coastal wetlands for Australia (Serrano et al., 2019) and estuaries 
(Section S6.2.2 in Supporting Information S1) represented by FCB,CW, FCB,ES, respectively.

We also provide the fluxes from the continental shelves (FW−A,CS) (Text S6.3 in Supporting Informa-
tion S1); however, we did not incorporate these fluxes in the Australasia land budget (vertical dash 
arrow in Figure 1). FEC represent the lateral carbon flux transferred from estuaries and coastal wetland 
systems to continental shelves and FCS-O is the lateral carbon export from continental shelf water to the 
open ocean. Continental shelf waters (the shallow part of the ocean down to shelf break) were defined 
by Laruelle et al. (2017) where the seaward boundary is 300 km (about 186.41 mi) from shore or the 
1,000-m isobath. Uncertainties associated with shelf fluxes were calculated as the absolute differ-
ence between the mean of 4 pCO2-based products, and 11 ocean based-process models (Resplandy 
et al., 2023) as described in Text S6.3 in Supporting Information S1.

2.1.2.  Non-Territorial Carbon Emissions

Non-territorial emissions (ΔCNT) are CO2 emissions from the consumption of fossil fuel (FFFE), 
wood (FEW), crop (FCE) and livestock (FLE) extracted or produced in Australasia but consumed over-
seas (Equation 5). We base our estimates on data sets from the FAOSTAT data platform (Text S7 in 
Supporting Information S1).To
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FNT = FWE + FCE + FLE + FFFE� (5)

2.2.  Top-Down Approach: Net Carbon Flux Balance Derived From Inverse Modeling

To build confidence in the robustness of the Australian and New Zealand bottom-up budgets, we also evaluated the 
net carbon balance of those two countries using global and regional atmospheric inversion frameworks (top-down 
approaches). For this assessment, we selected global and regional inversion-based flux estimates. Global from the 
Global Carbon Project (GCP) (Friedlingstein et al., 2020), MIROC4-ACTM (Chandra et al., 2022), OCO-2 MIP 
(Byrne et al., 2023), and GOSAT TM5-4DVAR (Metz et al., 2023). Regional from two independent inversion 
systems, one developed in Australia (Villalobos et al., 2022) and the other in New Zealand (Bukosa et al., 2023; 
Steinkamp et al., 2017). All these inversions follow the same Bayesian inversion principles, where the goal is to 
find an optimal estimate of CO2 surface fluxes that fits both observations and a prior (or background) weighted 
by their uncertainties (Ciais et al., 2010; Rayner, 2020).

From the GCP global carbon budget, we calculated the ensemble mean of five different global inversion-based 
flux estimates (CAMS, Jena Carbon Scope, CTE, University of Edinburgh (UoE), and CMS-flux). Prior fluxes 
(i.e., biosphere, fires, ocean, and fossil fuel emissions) as well as atmospheric observations are described in the 
references provided in Table A4 in Friedlingstein et al. (2020). The inverted fluxes selected from the GCP and 
MIROC4-ACTM rely on only in situ observations (i.e., GLOBALVIEW-CO2, NRT or WDCGG data products). 
See Table 1 for a description of the MIROC4-ACTM inversion set up (Chandra et al., 2022).

From Byrne et al.  (2023), we obtained the ensemble CO2 flux derived from 12 independent global atmospheric 
inversions (OCO-2 MIP) using version 10 of NASA's ACOS full-physics retrieval algorithm (Table 1 in Byrne 
et al., 2023): AMES, PCTM, CAMS, CMS-Flux, CSU, CT, OU, TM5-4DVAR, UT, COLA, and WOMBAT. We 
selected two different flux estimates from OCO-2 MIP: (a) inversions that assimilate only OCO-2 satellite data and 
(b) inversions that assimilate OCO-2 satellite in combination with in situ measurements. Further to this assessment, 
we also included the ensemble mean of OCO-2 MIP based on previous ACOS retrieval (version 9) (Peiro et al., 2022).

We calculated two GOSAT flux estimates derived from the TM5-4DVAR inversion (Metz et al., 2023). One flux 
was derived from two independent GOSAT retrievals (ACOS and RemoTeC), and another derived from GOSAT 
(ACOS and RemoTeC) but combined with in situ measurements.

OCO-2 CMAQ regional CO2 flux estimate was selected from Villalobos et  al.  (2022). This regional inverse 
system was set up to estimate fluxes across the Australian domain, including the New Zealand region, for 
2015–2019. This regional inverse system was configured to assimilate OCO-2 satellite data using version 9 of 
NASA's ACOS retrieval algorithm. Prior biosphere information in this system relies on regional CABLE-POP 
model simulations, with other fluxes (i.e., fossil fuel, ocean) derived from global products ODIAC (version 2019; 
Oda et al., 2018), and EDGAR (version 5; Crippa et al., 2020) and CAMS v19r1 inversion product produced by 
the European Center for Medium-Range Weather Forecasts (ECMWF).

Regional inversion-based fluxes from New Zealand were selected from a national inverse system developed in this 
country under a 5-year research program called CarbonWatch-NZ. Here, we used new estimates of this inversion 
system (Bukosa et al., 2023) set up for the 2011–2019 period. For this national inversion, prior biosphere fluxes were 
obtained from the same models as the one used to build New Zealand's bottom-up budget, which combines informa-
tion derived from Biome-BGCMuSo and CenW simulation (Text S8.1 in Supporting Information S1). For this study, 
the inversion system was set up to assimilate in situ information obtained from two monitoring stations: Baring Head 
and Lauder (Brailsford et al., 2012; Lowe et al., 1979; Steinkamp et al., 2017; Stephens et al., 2011, 2013).

3.  Results
3.1.  Decadal Net Carbon Budget From the Bottom-Up Approach

3.1.1.  Territorial Net Carbon Balance

Figure  2 shows the complete bottom-up carbon budget for Australasia, mean annual values for the decade 
2010–2019, including all anthropogenic and natural carbon fluxes (C-CO2) in and out of the atmosphere as 
described in Equations 1–5 and shown in Figure 1. Fossil fuel emissions (119.4 ± 6.0 TgC yr −1; territorial compo-
nent only) represent 78% of all anthropogenic net emissions, dominated by emissions from the combustion of coal 
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Figure 2.  Decadal Australasia carbon budget (2010–2019). All units are in TgC yr −1. The direction of fluxes is shown by the arrows; for the net CO2 balance in the 
atmosphere box, negative numbers indicate that the land is a CO2 sink, and positive numbers indicate that the land is a source of CO2 to the atmosphere. Red solid 
arrows indicate anthropogenic fluxes, blue indicates natural fluxes, and magenta indicates mixed fluxes from anthropogenic activities and natural sources. Fluxes with 
dash arrows are not counted as part of ∆CT.

Figure 3.  Decadal Australia carbon budget (2010–2019). Details as for Figure 2.
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closely followed by emissions from oil and natural gas. About 5.5% of the net anthropogenic emissions correspond 
to crop carbon consumption (8.4 ± 1.7 TgC yr −1), 3.4% livestock carbon consumption (5.6 ± 1.1 TgC yr −1), and 
3.3% wood decay (5.2 ± 2.8 TgC yr −1). Other minor anthropogenic carbon fluxes that also impacted the net 
carbon balance were agriculture (mainly liming and urea application) (1.0 ± 0.3 TgC yr −1) and waste, primarily 
waste incineration (0.04 ± 0.02 TgC yr −1), contributing 0.7% of these net anthropogenic emissions.

Based on the NGHGI, we found that the land-use change flux component (excluding net fires and harvested wood 
products) was a small net carbon sink of −7.9 ± 9.9 TgC yr −1. Australia contributed −2.8 ± 8.4 TgC yr −1 to this 
sink with the remaining (and larger) sink from New Zealand. This net CO2 sink is the result of CO2 emissions to 
the atmosphere from land clearing offset, several times over, by carbon sinks coming primarily from the regen-
eration of forests that were harvested for commercial purposes (hardwood and softwood plantations), and envi-
ronmental planting (i.e., planting of native trees for biodiversity and erosion control). Regrowth of cleared land 
and natural regeneration also contributed to this carbon sink but to a minor degree (more details in Section 3.2.3).

Fire emissions were a net source of 9.9 ± 6.2 TgC yr −1, which included fires of anthropogenic origin (prescribed 
burning) and natural (wildfires) minus post-fire regeneration (forest regrowth). Analysis of the gross fire emis-
sions determined by the GFED, GFAS, and QFED global fire emissions products (Figure S2 in Supporting Infor-
mation S1) shows that, on average, Australasia released about 158 ± 46.6 TgC yr −1 into the atmosphere, almost 
exclusively dominated by fires in Australia. New Zealand's gross fire emissions were 3.7 ± 4.4 TgC yr −1, equal 
to 2.3% of Australia's gross fire emissions.

We found that the largest natural flux (NEE) was −152.8 ± 74.2 TgC yr −1 during 2010–2019, showing that terres-
trial ecosystems in Australasia were a large CO2 sink, offsetting 96% of the territorial fossil fuel emissions. NEE 
was primarily driven by the land's net primary productivity (NPP) of 2123.6 ± 584.3 TgC yr −1 minus the carbon 
losses due to heterotrophic respiration (Rh) of 1970.8 ± 551.9 TgC yr −1 (corrected for lateral export of harvest 
wood, crop and livestock, and river transport). Together with fossil fuels, these fluxes dominate the changes in 
the net territorial atmospheric CO2 balance.

We also considered CO2 fluxes from the land-to-ocean aquatic continuum (LOAC) arising from both natural and 
human-induced emissions. Rivers, lakes (including reservoirs) and estuaries were net CO2 sources to the atmos-
phere of 17.0 ± 9.9 TgC yr −1, 6.2 ± 2.7 TgC yr −1 and 8.7 ± 5.7 TgC yr −1, respectively. Together, these three 
sources were partly compensated by the uptake of atmospheric CO2 into tidal wetlands and submerged vegetation 
(−16.9 ± 10.4 TgC yr −1). Other LOAC fluxes, such as the carbon transported by rivers to the coastal ecosystem, 
were estimated to be 12.7 ± 0.7 TgC yr −1. We estimated by mass balance that the total amount of carbon trans-
ported from coastal ecosystems to continental shelves was 13.9 ± 10.8 TgC yr −1. Carbon burial rates in estuaries 
and coastal wetlands were 5.6 ± 0.7 and 1.4 ± 0.7 TgC yr −1, respectively.

By combining all anthropogenic and natural carbon sources and sinks (excluding non-territorial emis-
sions), we found that the mean of Australasia's net territorial carbon balance (CT) was close to carbon neutral 
(−0.4 ± 77.0 TgC yr −1). As shown in Figures 3 and 4, Australasia's carbon neutrality during 2010–2019 was 
largely because the dominant fossil fuel source of CO2 emissions was offset by the biospheric carbon sinks (show 
the total sink here). While Australia's land was the largest contributor (−128.3 ± 74.5 TgC yr −1), New Zealand's 
sink contribution (−53.5 ± 17.5 TgC yr −1) is more significant per unit area considering that the area of New 
Zealand represents only 4% of Australia's land area. While Australia's land was the larger contributor to the 
Australasia carbon sink, New Zealand's sink contribution is more significant per unit area considering that the 
area of New Zealand represents only 4% of Australia's land area. In contrast to the Australasia carbon neutrality, 
Australia was a carbon source of 38.2 ± 75.8 TgC yr −1, and New Zealand a carbon sink of −38.6 ± 13.4 TgC yr −1. 
Australia was a source of carbon because fuel emissions represent the largest source of emissions (70%) among 
all natural and anthropogenic sources.

3.1.2.  Non-Territorial and the Net Atmospheric Total Carbon Balance

Australasia's non-territorial carbon emissions (i.e., those emissions embedded in fossil fuel, wood, crops, and 
livestock exported and consumed overseas) were 298.7 ± 6.0 TgC yr −1. Australia contributed almost the entire 
quantity of these emissions (293.3 ± 5.8 TgC yr −1), while Zealand's only contributed 3.9 ± 1.1 TgC yr −1.

As seen in Figure 2, Australasia's non-territorial fossil fuel emissions were 2.4 times larger than territorial fossil 
fuel emissions. Under the UNFCCC, non-territorial emissions are not part of the country of origin but are the 
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responsibility of the importer country where they are consumed (e.g., burn the fossil fuels or eat the food prod-
ucts). An exception is harvested wood products (HWPs), for which emissions are often linked to the location of 
the harvested forest.

Counting both territorial and non-territorial emissions, Australia and New Zealand's net atmospheric CO2 contri-
bution (∆CA) were 331.9 ± 76.0 TgC yr −1, and −34.6 ± 13.4 TgC yr −1 respectively, with a total net contribution 
of 298.4 ± 77.2 TgC yr −1 for Australasia.

3.2.  Major Flux Components of the Bottom-Up Carbon Budget

3.2.1.  Biosphere Carbon Flux Estimates

Figure 5 shows the spatial distribution of Australia's major carbon fluxes from the biosphere (GPP, NPP, Rh, and 
NEP, which is the equivalent to the NEE in Figure 2) averaged from 2010 to 2019 (without external disturbances 
such as fires, harvest, LUC or fluxes influenced in the LOAC ecosystem). Most of the plant productivity (GPP; 
Figure 5a) is concentrated along the eastern, northern and south-western coast and immediate hinterland of the 
continent (2.4–4.8 tC ha −1 yr −1), with very low GPP values in the interior (<0.3 tC ha −1 yr −1). NPP is about half 
of the GPP (Figure 5b) and values along the coast are around 1–2 tC ha −1 yr −1.

To better understand the size of NEP carbon fluxes across Australian ecosystems, we aggregated these fluxes 
into six different bioclimatic classes: tropical, savanna, warm temperate, cool temperate, Mediterranean, and 
sparsely vegetated (Figure  6). We found that NEP over semi-arid ecosystems such as savanna and sparsely 
vegetated (Figure 6a) were 15.5 ± 139.4 (1σ) TgC yr −1 and 9.1 ± 97.6 (1σ) TgC yr −1, respectively, compared 
to the tropics (10.5 ± 42.0 (1σ) TgC yr −1), warm temperate (4.5 ± 69.7 (1σ) TgC yr −1), and cold temperate 
regions (5.9 ± 49.4  (1σ) TgC yr −1). Figure 6d shows that the largest NEP found in semi-arid ecosystems is due 
to the large extent of these regions, and not to high vegetation productivity; we define semi-arid ecosystems 
here as those including savanna and sparse vegetation (rangelands) that covers approximately 80% of the conti-
nent. Figure 6d shows that cold and warm temperate ecosystems and tropical areas were the most productive 
vegetation in the continent per unit area with tropical NEP of 0.3 ± 0.9 tC ha −1 yr −1 and sparsely vegetated NEP 
of 0.02 ± 0.2 tC ha −1 yr −1.

Figure 4.  Decadal New Zealand carbon budget (2010–2019). Details as for Figure 2.
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Although on a per-area basis, semi-arid ecosystems were not as productive on a per-area basis as the tropical 
ecosystems, they nonetheless contributed as much to the continental carbon sink as the more productive biomes 
because of their much greater area extent. Semi-arid regions also exhibited much more variable sink activity 
(Figure S12 in Supporting Information S1), with the years 2010, 2011, 2016, and 2017 being particularly produc-
tive (data not shown). Overall, Australia was a strong sink in 2011, mostly driven by high precipitation over much 
of the continent due to a strong La Niña (Figure S13 in Supporting Information S1).

New Zealand's modeled carbon fluxes from the biosphere (GPP, NPP, Rh and NEP) averaged over 2010–2019 
are shown in Figure 7. New Zealand's process-based model (Biome-BGC Muso and CenW) estimates indicate 
that most of New Zealand was a net carbon sink. Forested areas (Figure S14 in Supporting Information S1) in the 
northern part of the North Island (plantation pine forest) and the west coast of the South Island (native evergreen 
broadleaf forest) were particularly productive, with GPP of 4.0–4.3 tC ha-1 year −1. These regions have favorable 
growing conditions, with temperatures above freezing year-round and ample precipitation (NIWA, 2023). The 
northern and western areas of the North Island include highly productive managed grasslands that are typically 
grazed by dairy cows (Figure S14 in Supporting Information S1). These ecosystems are also modeled as CO2 
sinks from a biosphere perspective. However, most of the carbon in the grass consumed by the animals is either 
respired back to the atmosphere or exported as milk and meat products, rendering whole pastoral farming systems 
in New Zealand close to carbon-CO2-neutral in its territory, with emissions of 2.34 ± 0.81 TgC yr −1 (see e.g., 
(Hunt et al., 2016; Wall et al., 2019). Note that we have not included carbon released as methane as part of animal 
digestive processes in this C-CO2 budget. The lower North Island and the eastern part of the South Island are less 
productive but are still modeled to be small net sinks (NEP ∼ 0.1–0.2 tC ha −1 yr −1). These areas are dominated 
by low-productivity grasslands on rolling hills prone to erosion and are often used to graze sheep and/or beef 
cattle. Alpine grasses (tussock) and tundra in the Southern Alps that run along the middle of the South Island 
are modeled as a small net source, likely due to the high elevation, poor soils and marginal growing conditions. 

Figure 5.  Decadal average (2010–2019) of (a) GPP, (b) NPP, (c) Rh, and (d) NEP carbon fluxes obtained from CABLE-BIOS3 simulations over Australia. NEP and 
NPP represent productivity, therefore, a positive sign means uptake by land, and a negative sign represents carbon release to the atmosphere). Units tC ha −1 yr −1 refers 
to tonnes of carbon per hectare per year.
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Although New Zealand spans a large latitudinal range (35°–46°S) with very different temperature and rainfall 
patterns, under the bioclimatic classification system shown for Australia in Figure 6, New Zealand is classified 
almost entirely as “cool temperate,” so we have not attempted to analyze the fluxes by bioclimatic zones.

New Zealand's biosphere is consistently a net carbon sink from year to year (Figure S15 in Supporting Informa-
tion S1). There is some regional variation, mainly driven by the interannual variation in precipitation, especially 
in drier regions (eastern areas of both islands). Some of this variation is mitigated by irrigation and management 
of pasture. However, our modeling results suggest that in general, New Zealand's temperate climate supports 
highly productive natural and managed biomes.

3.2.2.  Fire Emissions

Australasia's gross fire emissions were 158.5 ± 46.6 TgC yr −1 (Figure S3a in Supporting Information S1) for the 
decade of 2010–2019, of which most emissions (154.8 ± 4.4 TgC yr −1) (98%) came from Australia. Considering 
Australia's post-fire vegetation regrowth, the net fire emissions in this region were 9.9 ± 5.1 TgC yr −1. New 
Zealand's biomass burning (i.e., wildfires and controlled burning) is not a significant source of emissions because 
controlled burning is limited, and wildfires are rare due to New Zealand's cool temperate climate and vegeta-
tion. Here, therefore, we only present results for Australia, which are restricted to temperate forests and tropical 
savanna ecosystems (Text S3.1 in Supporting Information S1).

Australia's temperate forests and their burning/regrowth dynamics differ from a tropical savanna because gross 
fire emissions from forests can be several times as large as the regrowth on an annual time scale and therefore act 
as strong carbon sources (as seen in 2002, 2006, and 2019, Figure S2a in Supporting Information S1). For the 

Figure 6.  (a) Australia's gross primary productivity (GPP), autotrophic respiration (Ra), net primary productivity (NPP), heterotrophic respiration (Rh) and net 
ecosystem productivity (NEP) aggregated over (b) six different bioclimate regions (tropics, savanna, Mediterranean, sparsely vegetated, warm temperate and cool 
temperate) for 2010–2019. (c) Same as in panel (a) but divided by the hectare of each Australian bioclimate region (units tC ha −1 yr −1 refers to tonnes of carbon per 
hectare per year). Uncertainties in (a) and (c) represent the annual variability (standard deviation) of the CABLE-POP simulations. Panel (d) corresponds to the NEP 
aggregated over the bioclimate regions shown in panel (b). To better demonstrate the size of the NEP flux in each bioclimatic region, no uncertainties are included in 
panel (d). Units in panel (d) are the same as in panel (c).
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last decade, the net fire emissions recorded in this region were very large (12.9 ± 4.32 TgC yr −1), while tropical 
savannas were a net sink (2.95 ± 0.8 TgC yr −1) (Figures S2a and S2b in Supporting Information S1). Savanna 
fires are dominated by the burning of its herbaceous component whose carbon stocks are much faster to recover 
after fire than high carbon density forests in temperate regions. We note that the large net carbon source recorded 
in the last decade for temperate forests was primarily driven by the 2019 fires (133.7 ± 44.8 TgC yr −1).

3.2.3.  Land Use Change (LUC)

Australasia's land use change CO2 fluxes, excluding Australia and New Zealand's HWP (Section 3.2.5) and net 
fire emissions for Australia (Section 3.2.2), was a carbon sink to the land of −7.9 ± 9.9 TgC yr −1. This net carbon 
sink has two opposing fluxes: (a) an emission component associated with land clearing and the conversion of 
forest to cropland or grassland (12.6 ± 6.1 TgC yr −1), and (b) a sink component associated with afforestation, 
reforestation and forest management (−21.3 ± 7.7 TgC yr −1) that outweighed the CO2 sources. Australia and 
New Zealand's sinks contributed −14.6 ± 5.5 TgC yr −1 (68%) and −6.8 ± 5.4 TgC yr −1 (32%) to Australasia's 
LUC respectively. A large part of Australia's carbon sinks came from the establishment of new commercial 
plantations (hardwood and softwood) (−5.7 ± 0.85 TgC yr −1) and regrowth on previously cleared forest lands 
(−3.3 ± 0.56 TgC yr −1). A minor part (−0.1 ± 0.02 TgC yr −1) of Australia's LUC sink came from forest regrowth 
after cropland abandonment (e.g., land abandoned after agricultural and pastoral clearing).

New Zealand's net CO2 sink (−5.1 ± 5.4 TgC yr −1) came mostly from the growth and re-growth of forest on exist-
ing managed forest land (−3.7 ± 2.9 TgC yr −1). New Zealand's exotic plantation forests have some of the highest 
growth rates in the world due to its temperate climate, abundant rainfall and fertile soils (New Zealand Ministry 

Figure 7.  Decadal average (2010–2019) of (a) GPP, (b) NPP, (c) Rh and (d) NEP carbon fluxes obtained from Biome-BGCMuSo (dairy, sheep pasture and EBF/
indigenous forest) and CenW (exotic forest-pine and shrub-mānuka/kānuka) simulations over New Zealand. NEP and NPP represent productivity; therefore, a positive 
sign means an uptake by land, and a negative sign represents carbon release to the atmosphere. Units tC ha −1 yr −1 refers to tonnes of carbon per hectare per year.
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for the Environment, 2021). The sink from forest growth and harvested wood products more than compensated 
for emissions from harvesting. There was also a small contribution to the overall sink from the afforestation of 
grassland. Conversely, forest land converted to grassland and changes in management practices on grassland 
contributed a small source, on the same order of magnitude as the sink from grasslands converted to forest. 
Overall, emissions and removals from land-use change were outweighed by the sink from existing forest land.

3.2.4.  Land to Ocean Aquatic Continuum (LOAC) Carbon Fluxes

3.2.4.1.  Inland Water Emissions

Inland aquatic ecosystems receive large inputs of DOC, DIC, and POC from soils and vegetation and emit a 
substantial amount of CO2 to the atmosphere. Figure 8a shows that rivers release more CO2 into the atmos-
phere compared to natural lakes, reservoirs, and lakes regulated by dams in Australasia. The river flux median 
rate (17.4 [6.5–26.9] (min-max)) represents 80% of all inland aquatic CO2 emissions. Natural lakes were 
the second largest emitter and represented 18% of all inland aquatic CO2 emissions, with a median emission 
rate of 3.9 [3.5–8.6] TgC yr −1. Minor CO2 emissions were found from reservoirs, with a median flux of 0.6 
[0.3–0.9] TgC yr −1), and from dams (0.1 [0.1–0.2] TgC yr −1). The small contribution of these two ecosystems is 
related to the surface area, which only represents 7% (3,816 km 2) and 1% (1,128), respectively, compared to the 
total surface area of the natural lakes (51,666 km 2) (Figure S6 in Supporting Information S1).

Based on the Australia NGHGI, CO2 emissions from human-made reservoirs were 0.1 TgC yr −1 for 2010–2019. We 
subtracted this estimate from the reservoir emission rates calculated from HydroLakes to avoid double-counting.

3.2.4.2.  Estuaries

Estuaries such as tidal systems and deltas, lagoons, and fjords (Figure 1) receive large amounts of DIC, DOC and 
POC from rivers and underground flows, resulting in a source of CO2 to the atmosphere (Figure 8b). The median 
estimate of these aquatic ecosystems across Australasia was 7.5 [−0.3–38.3] TgC yr −1. Tidal systems and deltas 
were the main source of CO2 emissions, with a median flux of 5.5 [−0.3–0.4] TgC yr −1.

The organic carbon deposition rate (ΔCES burial) into estuarine sediments in Australasia was 1.4 ± 0.7 TgC yr −1. 
From this estimate, Australia accounts for 64% (0.9 ± 0.5 TgC yr −1), and New Zealand 36% (0.5 ± 0.2 TgC yr −1).

3.2.4.3.  Coastal Wetlands

In contrast to estuaries, coastal wetlands (mangroves, salt marshes and seagrasses; also referred to as blue carbon) 
act as net ecosystem CO2 sinks across Australasia (Figure 8c). Based on the sum of medians, the net ecosystem 
exchange (NEE) for coastal wetlands was estimated at −16.7 [−18.3–3.8] TgC yr −1. The largest contributors to 
this carbon sink were mangroves (43%) and seagrasses (40%). Australia was responsible for about 98% of the 
sink, with a median-estimated value of −16.4 [−18.3–3.8] TgC yr −1. New Zealand's coastal wetland sink was 
−0.27 [−0.37–0.02] TgC yr −1.

Australia's organic carbon sequestration rates (ΔC burial) for coastal wetlands were estimated at −5.6 ± 0.7 TgC yr −1 
(Figure 3). Based on a review of existing literature, we found that the carbon burial rates of seagrasses, mangroves, 
and salt marshes in Australia were 3.6 ± 0.7 TgC yr −1, 1.5 ± 0.1 TgC yr −1, and 0.5 ± 0.1 TgC yr −1 respectively.

Carbon sequestration rates in kelp forests in Australia have been suggested to be 30% of the total blue carbon 
stored and sequestered around the Australian continent (e.g., Filbee-Dexter & Wernberg, 2020) with recent esti-
mates of 1.3–2.8 TgC yr −1. We did not include this estimate in the budget because part of the carbon sequestered 
by kelp forests is exported to the open ocean, and the fraction that sinks to the ocean's floor and becomes a long-
term sink is still highly uncertain.

3.2.5.  Territorial and Non-Territorial Carbon Emissions From Crops, Wood, and Livestock, and Lateral 
Fluxes

Territorial emissions due to wood decay were 5.2 ± 2.8 TgC yr −1, similar to those embedded in wood products 
exported overseas (non-territorial emissions of 4.0 ± 0.8 TgC yr −1). New Zealand was responsible for most of 
these exported emissions (3.4 TgC yr −1), being 2.3 times higher than Australia; 65% of the total wood emissions 
took place overseas (non-territorial).

Carbon emissions associated with the national demand of crops were 8.4 ± 1.7 TgC yr −1, 1.5 times higher than 
the emissions exported and consumed overseas (5.3 ± 1.1 TgC yr −1). Barley, rapeseed, and wheat constituted 
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60% of all crop emissions exported and consumed abroad, where Australia was the main (98%) exporter of these 
emissions at 5.2 ± 1 TgC yr −1; New Zealand contributed 0.11 TgC yr −1.

National livestock carbon emissions associated with the consumption of livestock products were 5.5 ± 1.1 TgC yr −1, 
where the highest carbon emissions were due to consumption of products derived from cattle (4.0 ± 1.0 TgC yr −1) 
(40%), and sheep (1.1 ± 0.28 TgC yr −1) (20%). Non-territorial livestock emissions were found to be considerably 
lower in comparison with the national average (0.16 ± 0.04 TgC yr −1).

Figure 8.  (a) Inland CO2 emissions from rivers, natural lakes, reservoirs, and lakes regulated by dams in Australia, and New Zealand; black dots represent CO2 
estimates from peer-reviewed published studies (as reviewed in Lauerwald et al. (2023); Table S1 in Supporting Information S1) upscaled to Australia and New 
Zealand by the surface area of inland water bodies within these two regions. (b) Estuaries water-air CO2 emissions from tidal systems and deltas, lagoons, and fjords 
(Rosentreter et al., 2023) (c) Net Ecosystem Exchange (NEE) of coastal vegetation wetlands (mangroves, salt marshes, seagrasses) (Rosentreter et al., 2023). Boxplot in 
(b) and (c) shows the median (violet blue line) and interquartile (Q1-Q3) range of estuaries and coastal wetlands CO2 gas exchange.
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Lateral fluxes of HWP (12.6  ±  2.5  TgC  yr −1), crops (13.7  ±  2.7  TgC  yr −1), and livestock products 
(5.7  ±  1.1  TgC  yr −1) were subtracted from the heterotrophic respiration flux estimate simulated by the land 
surface models to avoid double counting of these emissions.

3.2.6.  Territorial and Non-Territorial Fossil Fuel Emissions

Australasia's total territorial and non-territorial CO2 fossil fuel emissions were 119.4  ±  5.5  TgC  yr −1, and 
289.3 ± 5.8 TgC yr −1, respectively. Australia alone represented 92% (109.9 ± 5.5 TgC yr −1) of territorial fossil 
fuel emissions and almost all (287.8 ± 5.8 TgC yr −1) of the fossil fuel exported and burned overseas.

Australia's territorial CO2 emissions from extraction and use of fossil fuel (coal, oil and gas) were responsible 
for 45% (48.9 ± 2.4 TgC yr −1), 34% (37.2 ± 1.9 TgC yr −1), and 18% (19.8 ± 1.0 TgC yr −1) of all territorial fossil 
fuel CO2 emissions (Figure S10a in Supporting Information S1). For New Zealand, fossil fuel emissions were 
dominated by oil 55% (5.3 ± 0.26 TgC yr −1) and gas (0.3 ± 0.02 TgC yr −1) 24%, respectively (Figure S10b in 
Supporting Information S1).

Australia's non-territorial fossil fuel contribution was mainly due to the export of thermal (124.2 ± 4.0 TgC yr −1) 
and metallurgical coal (126.8 ± 4.1 TgC yr −1), which together represent 87% of total Australasia fossil fuel export 
(Figure S10b in Supporting Information S1). Other important sources of emissions come from exports of lique-
fied natural gas (30.15 ± 0.7 TgC yr −1) and crude oil (5.9 ± 0.02 TgC yr −1), which combined contributed 12% to 
non-territorial fossil fuel emissions.

3.3.  Top-Down Net Carbon Balance (an Atmospheric Perspective)

Figure  9 shows a set of nine independent global/regional flux inversions compared to the bottom-up carbon 
budget built in this study. Here we assess the level of agreement between the inversions, and in Section 4.2, we 
discuss how well atmospheric inversions compare with the bottom-up estimates.

Figure 9a shows that for some years from 2015 to 2019, there is some level of consistency between Australasia's 
satellite/in situ derived fluxes, considering the range of uncertainties. For 2010 and 2011, GOSAT inversions 
agreed with in situ inversions from the GCP and MIROC4-ACTM, showing that Australasia was a carbon sink. 
Likewise, for the years 2018 and 2019, most inversions (GOSAT and OCO-2 MIP; ACOS, version 10) agree 
that Australasia acted as a source of carbon, except for OCO-2 CMAQ that shows that Australasia was a CO2 
sink. Differences in CMAQ is likely associated with the use of a previous version of NASA's retrieval algorithm 
(ACOS version 9). A few ppm of bias in OCO-2 estimates derived from the ACOS version 9 retrieval algorithm 
(Peiro et  al.,  2022) could have prevented this regional inversion from estimating the true flux, among other 
factors, such as the errors in the transport of the model. Australian flux inversion (Figure 9b) shows similar find-
ings to Australasia. It is likely that the Australasia/Australia satellite flux inversion based on the latest satellite 
retrievals of OCO-2 (ACOS version 10), as will be shown in Section 4.3, provides the best independent and closer 
estimate to the net carbon balance (bottom-up budget) estimated in this study.

New Zealand's National scale flux inversion (Figure 9c) shows poor agreement with GOSAT, OCO-2 MIP, and 
CMAQ OCO-2 satellite-based inversions. New Zealand's national inversion suggests that this country acted as a 
carbon sink from 2015 to 2019 of 44 ± 7 TgC yr −1, while all other satellite inversions show a carbon source of 
25 TgC yr −1 with a range from 17 to 30 TgC yr −1. We place a low confidence level on satellite flux inversions 
over New Zealand because the number of soundings, either GOSAT or OCO-2, over this country is limited, and 
the temporal resolution is low (e.g., OCO-2 has an approximate 16 days re-visit cycle with sounding at around 
13:30 local time).

4.  Discussion
4.1.  Bottom-Up Carbon Budget of Australasia

Our decadal bottom-up territorial carbon assessment, including all-natural and anthropogenic fluxes, suggests 
that Australasia was close to carbon neutral, with large uncertainties. This carbon neutrality was achieved because 
the terrestrial biospheric CO2 sink offsets most anthropogenic emissions from this region. Previous studies attrib-
ute the Australian and global land CO2 sinks largely to the existence of a long-term sink driven by the CO2 
fertilization effect on vegetation growth (Canadell, Costa, et  al., 2021; Canadell, Meyer, et  al., 2021; Haverd 
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et al., 2013, 2020; Teckentrup et al., 2021; Walker et al., 2021). Such an effect is the result of the excess CO2 that 
has been accumulating in the atmosphere over the past 200 years from the combustion of fossil fuels and land 
use (Canadell, Costa, et al., 2021; Canadell, Meyer, et al., 2021; Friedlingstein et al., 2022). This CO2 accumu-
lation has led to an increase in the rate of carbon fixation by photosynthesis of around 30% since 1900 (Haverd 
et al., 2020).

We also show that coastal wetlands are an important component of the LOAC system because unlike estuaries 
and inland waters, contributes an additional 10% (−16.9 ± 10.4 TgC yr −1) of the biospheric sink. However, we 

Figure 9.  Australasia (a), Australia (b), New Zealand's (c) multi-year annual mean CO2 flux based on this assessment (bottom-up) with top-down estimations using 
satellite-based inversions using GOSAT (ACOS/RemoTeC)/OCO-2 (ACOS), and MIROC4 and GCP inversions (Friedlingstein et al., 2020). Annual bottom-up 
estimates correspond to net carbon flux (ΔCT) shown in Figure 1. Error bars in the bottom-up and top-down approaches are described in Table 1. We note that error 
bars in the bottom-up flux estimates represent the square-root of the linear sum of squared uncertainty components of the budget shown in Figure 1.
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note that the net ecosystem exchange estimated for coastal wetlands (mangroves, tidal marshes, and seagrass 
meadows) is based on data obtained outside Australasia because no eddy covariance data are available for the 
Australasia region, which makes coastal ecosystems estimates highly uncertain.

Australia's gross fire emissions constitute a large CO2 flux component in the budget. For extreme fire years, such as 
the catastrophic and unprecedented Australia fires in 2019 when gross emissions reached 212.8 ± 46.3 TgC yr −1, 
fire emissions are a dominant gross flux to the atmosphere. Gross fire emissions across Australia are compen-
sated in large part by the rapid regrowth of the herbaceous components (in sparsely vegetation and savanna) 
that dominate Australia's landscapes, for which net fire fluxes are considered neutral on a 1–3-year timeframe. 
In addition, strong post-fire regrowth capacity of the southern and south-eastern forests also offsets a dominant 
portion of forest fire emissions (Qin et al., 2022). Because of these vegetation responses to fire, the overall net 
impact of fire was 9.9 ± 6.2 TgC yr −1 for the decade 2010–2019, originating in the temperate and tropical savanna 
regions for which the net balance is provided. We note that in the carbon budget presented here, 2019 had the 
largest forest burned area of the past 90 years (Canadell, Costa, et al., 2021; Canadell, Meyer, et al., 2021), so 
any follow-up regrowth from the extensive burned area falls outside the budget period ending in December 2019.

Another important anthropogenic CO2 flux affecting the net carbon balance is changes in the land use (LUC) and 
land management. For the decade 2010–2019, the impact of LUC on Australian fluxes was obtained from the 
NGHGI. We have not used data from the globally harmonized land use change database (LUH2) because it shows 
poorly constrained land-use transitions over Australia (i.e., classification of secondary clearing of regrown forest, 
or expansion of forest in protected areas). Based on Australia's NGHGI, CO2 emissions from land clearing (mainly 
forest land converted to grasslands (11.0 ± 6.3 TgC yr −1) are more than offset by CO2 sinks from softwood and 
hardwood plantations, environmental plantings, and natural regrowth on cleared lands (−14.6 ± 1.8 TgC yr −1), 
together leading to a net CO2 sink to the land.

New Zealand's CO2 sink is driven primarily by the growth of natural and managed forests. New Zealand's temper-
ate climate supports a very productive pine plantation forestry industry, which is reflected in the CenW simula-
tion. Pine forests were estimated to contribute 20.3 ± 0.61 (1σ) TgC yr −1 to New Zealand's biospheric CO2 sink. 
New Zealand's mature native forests were also a sink in the Biome-BGCMuSo model (7.8 ± 2.6 (1σ) TgC yr −1) 
and the CarbonWatch-NZ inversion results (Bukosa et al., 2023; Steinkamp et al., 2017). Grasslands were also a 
sink from a territorial atmospheric perspective, albeit smaller than forests both in absolute terms and in proportion 
to area (7.0 ± 2.3 TgC yr −1). However, the totality of highly managed agricultural systems (e.g., pine plantation 
forests and pastoral dairy farming) is C-CO2 neutral. In these systems, the carbon is not sequestered in  the  terres-
trial biosphere long-term but rather exported in the form of harvested wood products or milk and meat. The CO2 
is eventually returned to the atmosphere via respiration on a longer timescale and/or outside of New Zealand 
Australasia’s non-territorial carbon emissions, mainly those embodied in the trade of Australia's metallurgical, 
thermal coal, and liquefied natural gas, constitute an important component of the fossil fuel emissions burned and 
consumed overseas. Understanding the trade flows of non-territorial carbon will become increasingly important 
as countries signatories to the Paris Agreement strive to achieve net zero emissions.

4.2.  Territorial Net Carbon Balance of Australasia: Reconciling Bottom-Up and Top-Down Estimates

We compared the balance of Australia's and New Zealand's bottom-up carbon net budgets with multiple atmos-
pheric CO2 inversions (top-down approach) based on satellite and in situ observations. The comparison allows us 
to explore how consistent the estimates from these two approaches are for 2010–2019, and therefore, how robust 
our understanding of the net CO2 balance is.

For Australia, we found relatively good agreement, albeit with large uncertainty, between the bottom-up esti-
mate and satellite/in situ-based inversion estimates for the overlapping period 2010–2019 (Figure 9b). Austral-
ia's annual net balance fluctuated from being a net CO2 sink and a net source (Figure 9b), closely associated 
with continental rainfall anomalies (Ahlstrom et  al., 2015; Detmers et  al., 2015; Haverd et  al., 2016; Poulter 
et al., 2014; Trudinger et al., 2016). This link is highlighted during the strong 2010–2011 La Niña, when the 
bottom-up and GOSAT estimates show a strong CO2 sink likely driven by an anomalous increase in rainfall in 
that period (Figure S13 in Supporting Information S1). The opposite occurs during continental scale negative 
rainfall anomalies such as 2018, and particularly 2019, which also had record-high temperatures that together led 
to unprecedented levels of CO2 emissions from wildfires (Qin et al., 2022). Australia 2010–2019's net decadal 
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balance (37.3 ± 75.8 TgC yr −1) was strongly influenced by the large sources in 2018 and 2019, but that influence 
was largely counterbalanced by the large carbon sinks in 2010/2011 and 2016/2017.

Improved satellite retrievals, such as the one used in the latest OCO-2 model intercomparison (Byrne et al., 2023), 
suggest that the magnitude of Australia's sink found for the 2015–2019 period should be smaller (close to neutral) 
than previous estimates that rely on older satellite retrievals, and highlight the importance of using accurate 
and precise satellite observations for the CO2 flux inversion, particularly at regional scales. We note that given 
the large year-to-year variability, and the relatively short period covered by OCO-2, a mean flux for a 5-year 
period has limited value for assessing the state of the net carbon balance of Australia as it relates to longer-term 
dynamics.

For New Zealand, the top-down global inversions (either GOSAT or OCO-2) showed a poor level of agreement with 
the bottom-up estimates (Figure 9c). Only New Zealand's national inversion flux estimate (CarbonWatch-NZ), 
falls within the uncertainty range of our bottom-up estimates. However, it is important to note that the New 
Zealand bottom-up carbon budget was built using the same biospheric model (prior information) used in the New 
Zealand national inversion; therefore, the inversion is not fully independent of the bottom-up budget constructed 
for this country. We have more confidence in the New Zealand national inversion findings than the global flux 
inversion because this regional inversion uses New Zealand-specific prior flux information and continuous in situ 
measurements that provide better temporal and spatial coverage compared with satellite observations, which have 
many gaps and low resolution over New Zealand. The New Zealand's inversion shows a stronger sink than either 
the bottom-up models or New Zealand NGHGI (Bukosa et al., 2023).

4.3.  Future Research Directions

4.3.1.  Biospheric Terrestrial Models

The biospheric models used in these budgets (CABLE-POP BIOS3, Biome-BGCMuSo and CenW) provide 
the large biospheric fluxes (GPP, NPP, NEP) contributing to the bottom-up budget and the “prior” fluxes in the 
regional atmospheric inversions. That makes the models involve a critical part of the construction of the budgets, 
and therefore, their limitations will strongly influence the final net carbon balance. Key advancements required 
in these models are (a) integration of high resolution and nationally based information on LUC transition maps, 
which is brought in this carbon budget as an external flux from the NGHGIs, and separate from the internal 
processes of the biospheric models; (b) integration of a fire component able to deal with changing fire regimes 
covering all lands and the gross fluxes of emissions and regrowth, particularly for Australia; and (c) continua-
tion of benchmarking against observations and, to the extent possible, to assimilate those observations in model 
parameterization. We acknowledge that further investigation is needed to understand model structural uncertain-
ties, and uncertainties in model parameters and forcing. In this study, large uncertainties in GPP, NPP and NEP 
fluxes represent the large spread between CABLE-POP, Biome-BGCMuso output and the TRENDY DVGM 
global model assessed in this study.

4.3.2.  Land Use, Land Use Change and Forestry

The management of grazed pasture is a large component of uncertainty in New Zealand's carbon budget. Although 
recent improvements have been made in the Biome-BGCMuSo model to enable the explicit simulation of graz-
ing, fertilizer application, irrigation, and other management practices (Hidy et al., 2016, 2022), it is difficult to 
capture the full range of management practices that are in use in New Zealand. Detailed, spatially explicit data 
on the management of New Zealand's pastoral agriculture sector is not publicly available. Mowing of pasture 
for hay also occurs throughout the country, which was not included in our simulations. More work is needed to 
accurately model the diversity of managed grasslands not only in New Zealand but also globally. For Australia, 
large uncertainties remain on the role of the extensive semi-arid region in contributing to long-term trends in 
carbon sequestration and the relative importance of anthropogenic and natural drivers.

4.3.3.  Coastal Ecosystems

Despite significant interest in the use of blue carbon (mangroves, tidal marshes, seagrass meadows, and kelp 
forests) as a nature-based solution, Australasia has limited information on the fluxes that would enable the 
construction of a full carbon budget for these types of ecosystems, including NPP, carbon burial rates, export to 
the ocean, and import from the land. In addition, direct tower-based CO2 eddy covariance measurements (NEE) 
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for coastal ecosystems are needed across Australia and New Zealand to improve what is currently a highly uncer-
tain contribution to the net carbon balance of the Australasia region.

4.3.4.  Atmospheric Inversions

In addition to the use of global atmospheric inversions with the latest satellite retrievals from OCO-2 and 
GOSAT that are continuously improving, there is an opportunity to use and further explore the capabilities of 
higher-resolution inversion systems developed in Australia and New Zealand. Atmospheric inversion systems 
down to continental and regional scales are becoming increasingly capable of monitoring and assessing the effec-
tiveness of emission reduction established by nations to tackle climate change. For Australia and New Zealand, 
this requires additional ground-based CO2 observations and further development of inversion frameworks that 
can be updated regularly (e.g., on annual basis). The integration of data from the NGHGI, regionally parame-
terized biospheric modeling, and atmospheric inversions can create a robust and adaptive system to track and 
improve the estimates and drivers of the net carbon balance of Australasia and its two contributing countries.

4.3.5.  Ground-Based Observations

Expanding the current GHG monitoring network and other ground-based observations (e.g., eddy flux towers 
or soil carbon measurements) across Australia and New Zealand would be beneficial to better constrain carbon 
budgets for both bottom-up and top-down approaches. Ground-based remote sensing observations are also relia-
ble sources of information and reference points to validate remote sensing products.

5.  Conclusions
We conducted a comprehensive carbon (CO2) budget assessment for Australasia as a whole, and for Australia 
and New Zealand individually. We used two different approaches to estimate CO2 fluxes: top-down atmospheric 
inversions and bottom-up methods. Since the first RECCAP study published in 2013 (Haverd et al., 2013, for 
Australia only), a wealth of new data and improved models have become available. These are utilized fully in this 
new carbon-CO2 budget, including the use of satellite data from OCO-2 and GOSAT. Australasia's net bottom-up 
CO2 balance during 2010–2019 suggests that this region was carbon-CO2 neutral, with large uncertainties for 
some of the major biospheric natural fluxes. There is high year-to-year variability of the net CO2 balance, particu-
larly for Australia, with some years neutral, a net CO2 source to the atmosphere, and others a net CO2 sink to the 
land. This high inter-annual variability, and the climatic extremes driving this variability, have a large influence 
on the decadal budget and make it challenging to determine long-term trends. The continued development of 
biospheric modeling improved satellite-based CO2 fluxes, and an increase in the density of the ground-based 
networks of CO2 measurements over Australia and New Zealand will greatly improve flux estimates and their 
potential for verifying the robustness of bottom-up carbon budgets.
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Erratum
In the originally published version of this article, Figures 5 and 7 in Section 3.2 and Figure S12 in the support-
ing information contained errors in their Y-axis color bars. The numbers indicated in the figure legends are 
offset by a factor of 10. The figures have been replaced, and this may be considered the authoritative version 
of record.
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