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Abstract
New evidence is emerging that semi-arid ecosystems dominate interannual variability (IAV) of the
global carbon cycle, largely via fluctuatingwater availability associatedwith ElNiño/Southern
Oscillation. Recent evidence from global terrestrial biospheremodelling and satellite-based inversion
of atmospheric CO2 point to a large role of Australian ecosystems in global carbon cycle variability,
including a large contribution fromAustralia to the record land sink of 2011.However the specific
mechanisms governing this variability, and their bioclimatic distributionwithin Australia, have not
been identified.Here we provide a regional assessment, based on best available observational data, of
IAV in theAustralian terrestrial carbon cycle and the role of Australia in the record land sink anomaly
of 2011.We find that IAV inAustralian net carbon uptake is dominated by semi-arid ecosystems in the
east of the continent, whereas the 2011 anomaly wasmore uniformly spread acrossmost of the
continent. Further, and in contrast to globalmodelling results suggesting that IAV inAustralian net
carbonuptake is amplified by lags between production anddecomposition, wefind that, at continental
scale, annual variations in production are dampened by annual variations in decomposition, with
bothfluxes responding positively to precipitation anomalies.

1. Introduction

There is compelling new evidence of the important
role of semi-arid ecosystems in the variability of the
global carbon cycle. In a regional attribution of
terrestrial biosphere model predictions of global net
biome productivity (NBP), Ahlström et al (2015)
demonstrated that, while tropical forests dominate the
mean of global NBP (1982–2011), semi-arid ecosys-
tems dominate both its interannual variability (IAV)
and trend. The same study found that in semi-arid
ecosystems, IAV inmodelled NBP is dominated by the
response of vegetation productivity to variations in
water availability, strongly associated with the El
Niño/Southern Oscillation (ENSO). ENSO explains
more than 40% of global net primary production
(NPP) variability, mainly driven by the response of
Southern Hemisphere ecosystems, particularly in

tropical and subtropical regions (Bastos et al 2013).
The large role of semi-arid ecosystems in global carbon
uptake anomalies is further exemplified by the sig-
nificant contribution of Australia, the driest inhabited
continent, to the record residual global land sink of
2011 of 1.5±0.9 [1σ] PgC yr−1 relative to the
2003–2012 decadal mean (Le Quéré et al 2015).
Haverd et al (2013a) quantified a 2011 Australian land
sink anomaly (relative to 1990–2011) of 0.5 PgC, based
on a biogeochemical land surface model applied to
Australia and constrained by multiple regional obser-
vations. Using the global LPJ model, Poulter et al
(2014) inferred that Australian ecosystems contribu-
ted a similar 2011 sink anomaly (relative to
2003–2012) of 0.70 PgC, with other large positive
contributions from Africa (0.45 PgC), South America
(0.26 PgC) and Tropical Asia (0.13 PgC). By inversion
of satellite-derived atmospheric CO2 observations,
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Detmers et al (2015) also inferred a large Australian
land sink in 2011 (0.79 PgC).

These earlier studies point out that 2011 was an
exceptional year in terms of the regional climate and
its effects on ecosystem functioning, but the specific
climatic drivers and responding mechanisms have not
been clearly identified. In this work we upscale carbon
and water fluxes from 14 sites of the OzFlux network
(Isaac 2014) using a biogeochemical land surface
model further constrained by observations of biomass,
soil carbon, streamflow and remotely sensed vegeta-
tion cover (Zhu et al 2013) (updated from Haverd
et al 2013b). We use the results to quantify IAV in the
Australian terrestrial carbon cycle, including the mag-
nitude of the 2011 anomaly, and go on to attribute the
IAV and its major component fluxes spatially and to
responding processes.

2.Methods

Australian net ecosystem productivity (NEP)
(1982–2013) and its components, RH and NPP, were
derived using model-data synthesis (Trudinger et al
2016), updated from (Haverd et al 2013a), the only
published assessments of Australian biospheric carbon
balance which integrate multiple regional observation
sources. Of these sources, remotely sensed vegetation
cover andflux-tower observations of carbon andwater
exchange are particularly relevant constraints on
interannual variations. Evaluation metrics (Trudinger
et al 2016) reveal good prediction of OzFlux annual
gross primary production (n=70, r2=0.63, nor-

malised root mean squared error ( ) s-y x ,x
2 /

NRMSE=0.4), with poor correlation but acceptable
variance inNEP (n=70, r2=0.01,NRMSE=1.1).

The model-data synthesis is described briefly
below: full details are provided by Haverd et al (2013a)
and Trudinger et al (2016). The synthesis employs
BIOS2, a fine-spatial-resolution (0.05°) offline model-
ling environment, including a modification of the
CABLE biogeochemical land surface model (Wang
et al 2010, 2011b) incorporating the SLI soil model
(Haverd and Cuntz 2010). BIOS2 parameters are con-
strained and predictions are evaluated using multiple
observation sets from across the Australian continent,
including streamflow from 416 gauged catchments,
eddy flux data (CO2 and H2O) from 14 OzFlux sites
(Isaac 2014), litterfall data, and soil, litter and biomass
carbon pools.

CABLE consists of five components (Wang
et al 2011a): (1) the radiation module describes direct
and diffuse radiation transfer and absorption by sunlit
and shaded leaves; (2) the canopy micrometeorology
module describes the surface roughness length, zero-
plane displacement height, and aerodynamic con-
ductance from the reference height to the air within
canopy or to the soil surface; (3) the canopy module
includes the coupled energy balance, transpiration,

stomatal conductance and photosynthesis of sunlit
and shaded leaves; (4) the soil module describes heat
and water fluxes within soil and snow at their respec-
tive surfaces; and (5) the ecosystem carbon module
accounts for the respiration of stem, root and soil
organic carbon decomposition. In BIOS2, the default
CABLE v1.4 soil and carbon modules were replaced
respectively by the SLI soil model (Haverd and
Cuntz 2010) and the CASA-CNP biogeochemical
model (Wang et al 2010).Modifications toCABLE, SLI
and CASA-CNP for use in BIOS2 are detailed in
(Haverd et al 2013a).

Parameter estimation is achieved using the Leven-
berg–Marquardtmethod, as implemented in the PEST
software (Doherty et al 2010) to minimise residuals
between predictions and observations. An ensemble of
parameter sets that are consistent with the observa-
tions are generated using the null space Monte Carlo
method (Doherty et al 2010). Variance of predictions
based on this ensemble of parameter sets is equated
with variance attributable to parameter equifinality in
model predictions.

Vegetation cover is prescribed, using a monthly
time series of fractional absorbed photosynthetically
active radiation (fPAR) for January 1982 to December
2013 that was derived from the third generation
(NDVI3g) of the Global Inventory Modeling and
Mapping Studies’ normalised difference vegetation
index (NDVI) time series (Tucker et al 2005, Zhu
et al 2013). A monthly maximum composite was cre-
ated from the original 15 day series, and the data were
resampled from the original 0.0833° resolution (8 km)
to 0.05° (5 km). NDVI values from 0.1 (bare ground)
to 0.75 (full cover) were linearly rescaled between 0
and 1 to represent vegetation fractional cover. Total
fPAR is partitioned into persistent (mainly woody)
and recurrent (mainly grassy) vegetation components,
following the methodology of Donohue et al (2009)
and Lu et al (2003). This methodology takes advantage
of low levels of seasonal change in LAI in woody vege-
tation, allowing seasonal variation in fPAR to be
attributed principally to grassy vegetation. The
remaining and relatively constant fPAR signal is attrib-
uted to woody vegetation. LAI for woody and grassy
components are estimated by Beer’s Law (e.g. Hould-
croft et al 2009):

( ) ( )= - -
k

LAI
1

log 1 fPAR , 1W e W

( )= - -
-

⎛
⎝⎜

⎞
⎠⎟k

LAI
1

log 1
fPAR

1 fPAR
, 2G e

G

W

where the vegetation type is either W (persistent or
mainly woody) orG (recurrent or mainly grassy) and k
is an extinction coefficient, set here to 0.5. In contrast
to earlier BIOS2 simulations (Haverd et al 2013a),
equation (2) accounts for the effect of shading of grass
bywoody vegetation.

We partition flux variability amongst component
fluxes (components may be spatial or process
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contributions) using the formalism of Ahlström et al
(2015) (equation (3))

| |

| |
( )

å

å
=f

x X

X

X
. 3j

t

jt t

t

t t

Here xjt is the flux anomaly (departure from a long-
term trend) for the jth constituent flux at time t (in
years), and Xt is the total flux anomaly, with

= åX x .t t jt By this definition, the jth contribution to
the total IAV, fj, is the average relative anomaly xjt/Xt

for the jth constituent, weighted with the absolute
global anomaly |Xt|. The definition ensures that
å =f 1,j j but allows individual contributions to fall
outside the range (0, 1) if the total anomaly Xt arises
from partially cancelling contributions xjt from differ-
ent constituents.

We focus on IAV in NEP, which is the difference
between NPP and heterotrophic respiration (RH), in
the absence of disturbance. We do not account here
for the component of IAV in NBP attributable to dis-
turbance (land use and natural disturbance agents,
mainly fire): the IAV of gross Australian fire emissions
(based on the Global Fire Emissions Database
(GFED3); van der Werf et al 2010) is less than 20% of
IAV inAustralianNEP (Haverd et al 2013b), while glo-
bal modelling studies suggest that the net contribution
of wildfires to semi-arid ecosystem IAV is small
(Ahlström et al 2015). We confirm this by presenting
updated gross annual fire emission anomalies
(GFED4s) (udated from van der Werf et al 2010)
alongside our estimatedNEP anomalies.

3. IAV inAustralian vegetation
productivity andnet carbon uptake

Figure 1 shows the time series of annual precipitation,
NPP and NEP for the Australian continent, as
estimated using BIOS2. Uncertainty on the NPP and
NEP estimates represents 2σ variability attributable to
model parameter equifinality. The time series is
restricted to 1982–2013, as this is the period of data
availability for the vegetation cover inputs.

IAV in NPP is 0.3 PgC yr−1 [1σ] or 15% of the
mean flux. Temporal correlation between production
and decomposition reduces the amplitude of IAV in
NEP to 0.2 PgC yr−1 [1σ] or 10% of mean NPP. By
contrast, IAV in gross continental fire emissions is
only 0.04 PgC yr−1 [1σ], or 2%ofmeanNPP.

Highly anomalous values of NPP and NEP occur
in 2011, the second of two consecutive years of very
high rainfall. For comparison with the global residual
land sink, we calculate anomalies for 2011 relative to
the 2003–2012 period. The data in figure 1 give NPP,
RH and fire anomalies of 1.0±0.2 [2σ], 0.42±0.2
[2σ] and 0.05 PgC respectively. These may be com-
pared with corresponding respective values of 0.79,
0.13 and −0.04 PgC in the analysis by Poulter et al
(2014). Thus our estimated NEP anomaly of 0.6±0.2
[2σ] PgC accounts for 40% of the record global land
sink anomaly and agrees well with theNEP flux anom-
aly (NPP minus RH) (0.66 PgC) from Poulter’s analy-
sis. However the component flux anomalies (NPP and
RH) are quite different in our study compared with
Poulter et al suggesting that heterotrophic respiration
is less responsive to high water availability in the global
LPJ model than in BIOS2. Further, fire emissions,
while small, are of opposite signs in the two analyses,
pointing to a significant discrepancy between Aus-
tralian fire emissions from GFED and from the global
LPJmodel.

4. Spatial attribution of IAVof continental
net carbon uptake and its componentfluxes

For the purpose of regional attribution, we use the
bioclimatic classification of figure 2(i) which is an
aggregation of classes from the agro-climatic classifi-
cation of Hutchinson et al (2005) (table 2, figure 3).
Australian biogeography strongly reflects rainfall pat-
tern (figure 2(ii)). The contributions (equation (1)) of
the ecosystems of each region to IAV in continental
NPP, RH and NEP are shown in figure 2(iii). The
Sparsely Vegetated and Savanna regions dominate
contributions to continental inter-annual variability
in all three fluxes, together representing a 90%
contribution to IAV in continental NEP. Notably, the

Figure 1.Australian continental annual net primary production (NPP) (i) and net ecosystemproduction (NEP) (2015) (ii) (red) and
precipitation (blue). Grey shading represents the 2σ uncertainty associatedwith parameter equifinality. The solid black line (left axis)
represents gross continentalfire emission anomalies fromGFED4 (Updated fromvan derWerf et al 2010).
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Sparsely Vegetated inland region, which contributes
36% to IAV in continental NPP, has a much larger
contribution of 46% to variability in continental NEP,
a result we will explore further in section 6 when we
quantify process contributions to IAV inNEP.

Figures 2(iv)–(ix) shows the spatial distribution of
IAV in NPP, RH and NEP fluxes, and the spatial con-
tributions to IAV in the continental fluxes. At the
annual time-scale, NPP is most variable across the
eastern part of the savanna belt (figure 2(iv)), a region
of highly variable rainfall where vegetation is both pro-
ductive and strongly responsive to water availability
(Raupach et al 2013). Variability of heterotrophic
respiration (figure 2(v)) is high along the eastern sea-
board where high labile carbon stores coincide with
high variability in soil moisture availability. The varia-
bility in NEP (figure 2(vi)) is lower overall than the
constituent fluxes and with a spatial distribution
reflecting elements of both components. The spatial
contribution maps (figures 2(vii)–(ix)) contrast with
the maps of IAV because of spatial differences in the
timing of the variability. For example, significant IAV
in C fluxes in the South–West of Western Australia
contribute negligibly to continental IAV, suggesting
that the variability in this region is not correlated with

that of the continent as a whole, a pattern also evident
for the precipitation driver (not shown), and related to
the dominant influence of the IndianOceanDipole on
rainfall variability of the South–West, while the ENSO
is the key driver of rainfall and weather patterns over
much of the continent (Risbey et al 2009).

5. Extremeness of Australian carbon cycle
in 2011

The extremeness of the 2011 carbon-cycle anomaly is
quantified in figure 3 by the z-score (number of
standard deviations from the local 1982–2013 mean
flux). The regionally averaged NPP anomaly was
anomalously high (z-score>1) across all bioclimatic
regions, and particularly high (>3) in the semi-arid
regions. Heterotrophic respiration was similarly ele-
vated across all regions, although less extreme than
NPP in the semi-arid regions, leading to particularly
elevated NEP (z-score>3) in these regions and for
Australia as a whole. The spatial distributions
(figures 3(ii)–(iv)) show the widespread extent of the
anomaly.

The spatial pattern of flux anomalies depends not
only on the local z-score, but on the local average flux,

Figure 2. (i)Bioclimatic regionalisation; (ii)mean annual precipitation (1982–2013); (iii) bioclimatic regional contributions
(equation (1)) to interannual variability in continentalNPP,RH andNEP fluxes (1982–2013). Spatial distribution of IAV (1σ) in (iv)
NPP, (v)RH and (vi)NEP, and spatial contributions (equation (3)) to (vii)NPP, (viii)RH and (ix)NEP.
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which differs considerably across the continent.
Figures 3(vi)–(viii) reveals that high 2011 NPP flux
anomalies occurred in the north-eastern Savanna
region, characterised by high productivity and a strong
sensitivity of ecosystem functioning to water avail-
ability (Raupach et al 2013), whereas the NEP flux
anomaly was more uniformly spread across the entire
Savanna region.

6. Process contributions to IAV in net
carbon uptake

Thus far our analysis demonstrates a dampening of
interannual variations in continental NEP compared
to NPP (figures 1, 2(iv), (vi)) because of temporal
correlations between production (NPP) and decom-
position (RH). We now quantify the contributions
(equation (3)) of the constituent fluxes (NPP and RH)

to IAV. Figure 4(i) shows the contributions of regional
NPP and RH to continental IAV in NEP. A positive
contribution indicates that the constituent flux is
correlated with continental NEP, and a negative
contribution that it is anti-correlated with continental
NEP at the annual time scale. Arrows indicate the sign
and magnitude of the relative regional contributions
to continental NEP variability. Across all regions, and
for the continent as a whole, we see that variations in
NPP predominate, but are significantly compensated
for by variations inRH in terms of their contribution to
continental NEP variability. RH variability offsets the
contribution of NPP variability by 40% continentally:
regionally, the offset is largest in the Savanna region.

The spatial patterns of the NEP and RH contribu-
tions to IAV in NEP (figures 4(ii) and (iii)) reinforce
the picture of a dominant contribution by NPP, sig-
nificantly offset by RH across most of the continent.

Figure 3. (i)z-score of regionally averaged 2011 carbon flux anomalies. (ii)–(iv) Spatial distribution of z-scores for the 2011flux
anomaly inNPP,RH andNEP (v) regionally averaged 2011 carbon flux anomalies. (vi)–(viii) Spatial distribution the 2011flux
anomaly inNPP,RH andNEP.
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This is because both constituent fluxes respond posi-
tively to precipitation anomalies. Parts of the cool
temperate regions (Tasmania and Southern Victoria)
are exceptional, being characterised by IAV in the RH

component that re-inforces the NPP component (i.e.
positive NPP anomalies occur in the same years as
negativeRH anomalies).

7. Conclusion

Our results provide a regional assessment, based on
best available observational data, of IAV in the
Australian terrestrial carbon cycle and the role of
Australia in the record land sink anomaly of 2011. Our
results fall in line with Ahlström et al (2015), Poulter
et al (2014), Detmers et al (2015) and Bastos et al
(2013), confirming Australia’s large role in the record
land sink anomaly of 2011. Our results demonstrate
that such variability is consistent with a direct physio-
logical response of vegetation productivity to fluctuat-
ingwater availability, with these interannual variations

in productivity being partially offset by a largely
correlated opposing effect of fluctuating water avail-
ability on decomposition.
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