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Abstract In this paper, using the fully coupled NCAR
Community Earth System Model (CESM1.0.4), we inves-
tigate the relative importance of CO,-fertilization, climate
warming, anthropogenic nitrogen deposition, and land
use and land cover change (LULCC) for terrestrial car-
bon uptake during the historical period (1850-2005). In
our simulations, between the beginning and end of this
period, we find an increase in global net primary produc-
tivity (NPP) on land of about 4 PgCyr_1 (8.2 %) with a
contribution of 2.3 PgCyr~!' from CO,-fertilization and
2.0 PgCyr~! from nitrogen deposition. Climate warming
also causes NPP to increase by 0.35 PgCyr~! but LULCC
causes a decline of 0.7 PgCyr~!. These results indicate
that the recent increase in vegetation productivity is most
likely driven by CO, fertilization and nitrogen deposition.
Further, we find that this configuration of CESM projects
that the global terrestrial ecosystem has been a net source
of carbon during 1850-2005 (release of 45.1 + 2.4 PgC),
largely driven by historical LULCC related CO, fluxes
to the atmosphere. During the recent three decades (early
1970s to early 2000s), however, our model simulations
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project that the terrestrial ecosystem acts as a sink, taking
up about 10 PgC mainly due to CO, fertilization and nitro-
gen deposition. Our results are in good qualitative agree-
ment with recent studies that indicate an increase in vegeta-
tion production and water use efficiency in the satellite era
and that the terrestrial ecosystem has been a net sink for
carbon in recent decades.

Keywords Terrestrial carbon uptake - CO, fertilization -
Nitrogen deposition - Climate change - Land use land cover
change - Net primary productivity

1 Introduction

Response of the terrestrial ecosystem to climate change
is one of the major uncertainties in projecting the future
evolution of the global carbon cycle (Friedlingstein et al.
2014; Ahlstrom et al. 2012; Arora et al. 2013). Though
current generation of global land models have improved
substantially, they still fail to represent all ecosystem pro-
cesses adequately. This has led to a large spread in results
and hence low confidence on the magnitude of the future
changes in land carbon fluxes and stocks (IPCC 2013). The
large uncertainty arises because the terrestrial ecosystem is
highly heterogeneous and the current observations are inad-
equate to cover the entire range of diversity found in the
global terrestrial ecosystems (Bodman et al. 2013; Norby
et al. 2010).

Because of the observational constraints, the role of
terrestrial carbon cycle in removing atmospheric CO, has
been indirectly inferred in recent decades (IPCC 2013).
These indirect estimates indicate that land has acted as
a carbon sink in recent decades (Le Quéré et al. 2009;
Friedlingstein et al. 2010; Zaehle et al. 2011; Pan et al.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-015-2830-8&domain=pdf

N. Devaraju et al.

2011; Bala et al. 2012; Le Quéré et al. 2013; Schimel et al.
2014). Recent satellite observations also suggest that the
global vegetation productivity is increasing in recent dec-
ades (Anav et al. 2015; Ma et al. 2015; Ichii et al. 2013
Running et al. 2004; Nemani et al. 2003). However, the
primary drivers and their contribution for this increase in
global vegetation productivity and global land being a sink
are not well understood (McGuire et al. 2009; Hayes et al.
2011; Friedlingstein et al. 2014). The likely prominent driv-
ers for terrestrial ecosystem responses are CO, fertilization,
nitrogen deposition, climate warming and land use and land
cover change (LULCC) (Galloway et al. 2004; Canadell
et al. 2007; Arneth et al. 2010; Friedlingstein et al. 2010;
Houghton et al. 2012; Bala et al. 2012, 2013; Ciais et al.
2013; Devaraju et al. 2015; IPCC 2013).

The atmospheric CO, concentration has increased by
~40 % during the historical period (1750-2011; IPCC
2013). A recent study by Schimel et al. (2014) indicates
substantial terrestrial carbon uptake in the tropics due
to CO, fertilization. When combined with extra-tropical
fluxes, Schimel et al. find that up to 60 % of the present-day
net terrestrial carbon sink is a consequence of increasing
atmospheric CO, content. This indicates that the increas-
ing CO, effect on terrestrial carbon storage is potentially a
key negative feedback on future climate change. In most of
today’s climate models, CO, fertilization is one of the larg-
est carbon cycle feedbacks (Schimel et al. 2014; Thornton
et al. 2007; Friedlingstein et al. 2006). The CO, fertilization
effect is difficult to quantify because it operates over large
regions and long periods of time and hence is challenging
to observe and quantify directly (Schimel et al. 2014). The
extent to which CO, fertilization is responsible for current
and future terrestrial carbon uptake is still not clear and is
currently the focus of a large body of active research (IPCC
2013; Zaehle et al. 2010; Krinner et al. 2005).

During the same period (1750-2011) that anthropo-
genic CO, emissions increased by more than tenfold [from
about less than 1 Peta gram of carbon per year (PgC yr—!)
to 10 PgC yr~'], the nitrous oxide (N,O) emissions have
increased six fold (IPCC 2013; Galloway et al. 2004; Jain
et al. 2009). Several studies have concluded that terrestrial
carbon uptake has increased as a consequence of increased
nitrogen deposition from ~10.8 TgNyr~! (Tera grams of
nitrogen per year) in 1765 to ~60 TgNyr~! in the 1990’s.
Estimates for nitrogen-simulated increase in land carbon
uptake range from 0.15-0.35 PgCyr~! (1020 % of terres-
trial net uptake; de Vries 2009; de Vries et al. 2008; Zae-
hle and Dalmonech 2011) to 1.0-2.0 PgCyr~! (100 % of
terrestrial net uptake; de Vries 2009; de Vries et al. 2008;
Holland et al. 1997; Magnani et al. 2007; Zaehle and Dal-
monech 2011). However, unlike CO, fertilization, there are
indications that the sensitivity of terrestrial carbon stor-
age to increased nitrogen deposition is likely to decrease
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beyond current nitrogen deposition levels (Reay et al. 2008;
Bala et al. 2013).

The global mean surface temperature has increased by
0.8 °C (IPCC 2013) during the historical period (1750-
2011). This historical climate warming can alter land car-
bon fluxes through altered temperatures, shifts in seasonal
cycles, changes in precipitation and cloudiness (Bala et al.
2012; Myneni et al. 1997). Terrestrial ecosystems release
carbon to the atmosphere through autotrophic (i.e., plant)
and heterotrophic (primarily by microbes) respiration
which are very sensitive to changes in temperature (Lloyd
and Taylor 1994; Boone et al. 1998). These respiratory
fluxes are projected to increase in warmer climate and
hence cause decline in NPP and Total Ecosystem Carbon
(TEC) (Cox et al. 2000; Cramer et al. 2001; Govindasamy
et al. 2005; Joos et al. 1991; Lloyd and Taylor 1994; Mat-
thews et al. 2005; Thompson et al. 2004; Zeng et al. 2004).

In addition to the aforementioned three factors, LULCC
can also influence the biogeochemical cycles and an eco-
system’s level of carbon stocks and carbon fluxes. For
instance, when forests are cleared for conversion to agricul-
ture or pasture, a very large proportion of the aboveground
biomass may be burned, releasing most of its carbon rap-
idly into the atmosphere (Boysen et al. 2014; Pongratz
et al. 2014; Houghton et al. 2012; Lawrence et al. 2012).
According to IPCC (2013), the contribution of LULCC to
anthropogenic CO, concentration is estimated as 180 % 80
PgC (33 % of total anthropogenic CO, emissions) in the
historical period. The LULCC related CO, flux during
1980-1989 and 1990-1999 is estimated as 1.4 £ 0.8 and
1.6 £ 0.8 PgCyr !, respectively. For the later decade 2000—
2009 the flux has a reduced estimate of 1.1 & 0.8 PgCyr~!
and for the most recent decade 2002-2011 the estimate is
further reduced to 0.9 & 0.8 PgCyr~'. The reduced LULCC
fluxes in the recent decades are likely due to reduction of
deforestation and degradation in the tropics and promotion
of afforestation/reforestation activities (Houghton et al.
2012; Le Quéré et al. 2014; IPCC 2013). LULCC influ-
ences NPP by influencing the amount and type of vegeta-
tion that might be present at any particular location. Often,
LULCC replaces productive forested ecosystems with less
productive grassy ecosystems, resulting in overall reduc-
tion in terrestrial carbon stocks.

Based on the above discussion, it is clear that the land
biosphere productivity, uptake and release of carbon are
governed by several factors such as CO,-fertilization, cli-
matic change, nutrient availability, LULCC, fire and re-
growth of forests (Ballantyne et al. 2012; Canadell et al.
2007; Friedlingstein et al. 2010; IPCC 2013, Schimel
et al. 2014). The possible impacts of primary drivers such
as CO,-fertilization, nitrogen deposition, climate warm-
ing and LULCC on the terrestrial ecosystem have been the
subject of various global modelling studies carried out in



A model based investigation of the relative importance of CO,-fertilization, climate warming,...

recent years (Gerber et al. 2013; Bala et al. 2012, 2013;
Lawrence et al. 2012). However the relative contribution of
these factors is still uncertain and has not been adequately
explored.

Quantification of the individual effect of these fac-
tors on global scale is beyond the reach of direct labora-
tory and field studies and is possible only through a global
model—by varying one factor at a time in a series of simu-
lations. Recent work by Bala et al. (2013) uses the offline
community land model (CLM4) and investigates the rela-
tive contribution of the first three effects. They infer from
idealized simulations that terrestrial carbon losses due to
warming may have been approximately compensated by
effects of increased nitrogen deposition in the industrial era
and hence the effect of CO,-fertilization is approximately
indicative of the current increase in terrestrial carbon stock.
However, Bala et al. (2013) does not include LULCC
impacts and their inference is based on offline equilibrium
simulations. Though offline equilibrium simulations used
in that study captures the long term response and hence the
long term consequences for the ecosystem, it fails to cap-
ture the climate feedbacks and transient historical changes
and hence is limited in its usefulness.

Many of the other recent modelling studies (Schimel
et al. 2014; Gerber et al. 2013; Bonan and Levis 2010;
Jain et al. 2009) on this subject were also offline model-
ling studies. For example, the models used in a recent land
model inter-comparison project TRENDY for investigat-
ing the terrestrial ecosystem processes during the historical
period are all offline land models (Piao et al. 2013; Schimel
et al. 2014; Fisher et al. 2013; Murray-Tortarolo et al.
2013). Thus, these studies do not take into account feed-
backs from atmosphere and ocean on the terrestrial ecosys-
tem processes. Further, most of these studies do not also
evaluate the influence of nitrogen deposition and LULCC.
Though Bala et al. (2012) used a coupled model for inves-
tigating the influence of climate warming and CO, fertili-
zation, their simulations were equilibrium simulations and
they did not study the influence of nitrogen deposition and
LULCC. The main focus of the present study is to compre-
hensively investigate the relative significance of four fac-
tors (elevated CO, levels, atmospheric nitrogen deposition,
climate change and LULCC) during the historical period
(1850-2005) using a fully coupled atmosphere—ocean
model. Our study is the first to address this question using a
coupled model.

Unlike offline models, the coupled models account
for feedbacks between the major components of the cli-
mate system: atmosphere, land, ocean and ice. They also
include the transient effects of climate change. Inclusion
of these feedbacks and transient effects in a coupled model
frame work leads to high temporal consistency between
the atmosphere, ocean and land surface processes (Anav

et al. 2015), and hence improved quantitative carbon flux
and stock estimates although biases still exist in the full
coupled models which are developed in the recent dec-
ades (Anav et al. 2015; Dalmonech et al. 2015; Arora et al.
2013; Brovkin et al. 2013). For instance, Anav et al. (2015)
suggest that in coupled models the surface air temperature
strongly depends on the surface radiation and thus surface
radiation and surface air temperature co-vary in time which
in-turn results in covariation for gross primary productivity
and hence carbon cycle.

2 Model

The model used for this study is the NCAR (National Cen-
tre for Atmospheric Research) Community Earth System
Model (CESM1.0.4). An overview of CESM1.0.4 and
its performance relative to earlier version CCSM4 is pro-
vided in Hurrell et al. (2013). CESM1.0.4 is a coupled
climate model consisting of atmosphere, land, ocean and
sea-ice components that are linked through a coupler that
exchanges state information and fluxes between the com-
ponents. The atmospheric component of CESM1.0.4 is
the Community Atmosphere Model version 5.0 (CAMS.0,
Neale et al. 2010). The horizontal spatial resolution of
CAMS used here is 1.9° in latitude and 2.5° in longitude
and the time step is 30 min. The number of layer in the ver-
tical is 26. The Parallel Ocean Program version 2 (POP2)
is the ocean component in CESM1.0.4 which has a total
of 60 levels in the vertical with 10 m vertical resolution in
the upper 155 m and coarser resolution in the deep ocean.
There is no ocean carbon cycle component in the configu-
ration of CESM1.0.4 adopted for this study.

The CESM1.0.4 sea ice component is the Community
Ice Code version 4 and the Community Land Model ver-
sion 4 (CLM4) is the land model (Lawrence et al. 2011;
Oleson et al. 2010). The land component CLM4 succeeds
CLM3.5 with revised hydrology and snow models, organic
soils, and a 50 m deep soil column (Bonan and Levis 2010).
CLM4 also includes carbon—nitrogen biogeochemistry with
prognostic carbon and nitrogen in vegetation, litter, and
soil organic matter (Randerson et al. 2009; Thornton et al.
2007, 2009). Vegetation is represented by leaf, fine root,
respiring and non-respiring stem and coarse root, and stor-
age pools. Leaf area index (LAI) is a prognostic variable in
the model and leaf phenology is simulated for evergreen,
seasonal deciduous and stress-deciduous plants. The heter-
otrophic model represents coarse woody debris, three litter
pools, and four soil organic matter pools. A prognostic fire
model simulates wildfire (Kloster et al. 2010).

In CLM4, nitrogen input into the ecosystem is via bio-
logical fixation and nitrogen deposition. Within the eco-
system, nitrogen is released from organic matter (gross
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mineralization) in forms that can then be taken up by plants
(plant uptake or assimilation) and the remaining is immobi-
lized (immobilization). Nitrogen losses from the ecosystem
are through fire loss, denitrification and leaching. The nitro-
gen deposition data used in CLM4 were generated by the
three-dimensional chemistry transport model MOZART-2
(Model for Ozone and Related Tracers, version 2; Horowitz
et al. 2003; Lawrence et al. 2012). The model uses transient
LULCC annual datasets (includes land cover change along
with wood harvest), diagnoses the change in plant func-
tional type (PFT) area and adjusts carbon pools for mass
conservation (Bonan and Levis 2010). For example, when
PFT area decreases, the loss of carbon is distributed among
litter, wood products, and a land cover conversion flux
that is released immediately to the atmosphere. A portion
of the wood carbon that is transferred to product pools is
released to the atmosphere with 10 and 100 year lifespans.
Harvesting is similarly implemented except that it does not
change PFT composition and instead removes a specified
fraction of the vegetation mass. Annual land cover change
and harvest area used in this model were derived from the
University of New Hampshire version 1 Land-Use History
(LUHa.v1) historical dataset based on that of Hurtt et al.
(2006).

3 Experiments

We perform a set of simulations to investigate the land
ecosystem response to increasing atmospheric CO, levels,
increasing mineral nitrogen deposition, climate warming
and LULCC. Our experimental design focuses on assess-
ing the relative importance of each of these factors to the
overall land carbon budget and examining the sensitivity of
terrestrial carbon pools and fluxes during 1850-2005. The
global- and annual-mean atmospheric CO, concentrations
and mineral nitrogen deposition and also evolution of the
areal extent of tree, grass and crop PFTs during 1850-2005
that are used to drive the model are shown in Fig. 1. The
model simulated climate warming and cumulative LULCC
carbon fluxes for the same period are also shown in Fig. 1.
Figure 2 shows the spatial distribution of climate change,
nitrogen deposition and cumulative LULCC fluxes during
the historical period (1850-2005).

The model was spun up to a steady pre-industrial state
at NCAR. The spin up procedure usually reduces the mag-
nitude of the drift in the land surface variables such as veg-
etation and soil carbon. It involves forcing the model with
CO, concentration, nitrogen deposition and LULCC data
corresponding to the pre-industrial period and allowing it
to run for several centuries. In the final spun up state, there
is no significant long term trend in land component vari-
ables. Using these well spun up conditions from NCAR, we
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ran the model for 50 years to verify the steady state con-
ditions. The mean drift during these 50 years of the spin
up in global soil carbon and biomass are —0.005 and 0.031
PgCyr~!, respectively. The drift in global mean surface
temperature is only —0.0054 Kyr~!. These drifts are small
and hence we assume that the model has attained a near-
equilibrium state.

Using the initial conditions obtained at the end of our
50 year spin up, we initiated a set of six 156-year experi-
ments for the period 1850-2005 (Table 1). The experi-
ments differ in their treatment of forcing’s-atmospheric
CO, concentration, climate warming, nitrogen deposition
and LULCC using either a transient dataset or a fixed pre-
industrial distribution. All the experiments use the same
transient historical data sets for inputs of aerosols, ozone
and incoming solar radiation. Sensitivity to vegetation
dynamics has not been incorporated into our century scale
simulations since the effect of vegetation changes operates
on a time scale of multiple centuries.

Following is a brief description of the six experiments
(Table 1).

1. HISTORICAL Both CAMS and CLM4 are forced by
transient CO, concentrations, nitrogen deposition, non-
CO, greenhouse gases, ozone, aerosols, solar variabil-
ity and LULCC for the period 1850-2005.

2. NO-CO,-FERT same as HISTORICAL except the land
model (CLM4) is forced with pre-industrial atmos-
pheric CO, concentrations (1850, 284.72 ppm) while
the atmosphere model continues to see increasing CO,
concentrations. Subtraction of the NO-CO,-FERT
experiment from HISTORICAL would isolate the
effect of CO,-fertilization (NO-CO,-FERT refers to no
“CO,-fertilization”).

3. NO-N-CHANGE same as HISTORICAL except nitro-
gen deposition is held constant at pre-industrial val-
ues (1850, 19.08 TgNyr~!). Subtraction of the NO-
N-CHANGE experiment from HISTORICAL would
isolate the effect of increase in nitrogen deposition
(NO-N-CHANGE refers to “no change in nitrogen
deposition”)

4. NO-CO,-CHANGE same as HISTORICAL but CO,
concentrations in both atmosphere and land models are
prescribed at pre-industrial levels. However, the land
model still sees increasing nitrogen deposition rates.
Subtraction of the NO-CO,-CHANGE experiment
from NO-CO,-FERT would isolate the climate effect
of CO, on the land biosphere. (NO-CO,-CHANGE
refers to the fact that CO, concentrations are held con-
stant in this simulation). Since the land surface climate
could change in an experiment where CO, is changed
only for radiation model, we do not perform such an
experiment for assessing the climate effect.
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Fig. 1 The global- and annual- mean a surface temperature change, as inputs to drive the model and a, d show changes as simulated by
b atmospheric CO, concentration, ¢ nitrogen deposition rate, d the model. Shading in (a) represents =1 SDs estimated from the pre-
cumulative land use flux, e area covered by tree PFTs, f area covered industrial control simulation (changes are statistically assessed rela-
by grass PFTs and g area covered by crop PFTs during the histori- tive to the variability in the unforced pre-industrial climate state)

cal period (1850-2005). Variables shown in b, ¢, and e—g are used

5. NO-LULCC same as HISTORICAL except no change 6. NO-CO,-N-LULCC-CHANGE same as HISTORICAL

in land cover from pre-industrial level. Wood harvest- but CO, concentration (for both atmosphere and land
ing is prescribed to be zero. Subtracting this experi- models), nitrogen deposition and LULCC are fixed at
ment from HISTORICAL would isolate the effect of pre-industrial levels. In contrast, ozone, aerosols, and
LULCC. solar fluxes continue to vary. Subtraction of this with

HISTORICAL would give the combined effect of CO,
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Fig. 2 Spatial maps of a pre-
industrial nitrogen deposition, b
present-day nitrogen deposi-
tion, ¢ cumulative land use

flux and d annual mean surface
temperature change during

the historical period. Variables
shown in a, b are used as input
drivers to the model and ¢, d
are the changes as simulated by
the model. Hatched areas in (d)
are regions where changes are
statistically significant at the

95 % confidence level which is
achieved when the mean change
exceeds two SDs estimated
from the last 100 years of the
control experiment (changes are
statistically assessed relative to
the variability in the unforced
pre-industrial climate state)

(2) Pre-industrial (1851-1860) Nitrogen deposition (gNmyr')

0 6% 6(! |.5 0 0.2 0.6 1.5

(c) Cumulative land use flux from 1850 to 2005 (KeCm®)

HISTORICAL CHANGES
(b) Present day (1996-2005) Nitrogen deposition (gNm’yr")

(d) Surface temperature change (1996-2005)-(1851-1860) (K)

Table 1 Summary of experiments performed in this study

Experiment name

CO, forcing to land model CO, forcing to atmosphere Nitrogen deposition LULCC

Other GHGs, ozone,

model aerosols and solar vari-
ability
HISTORICAL Transient Transient Transient Transient Transient
NO-CO,-FERT Pre-industrial Transient Transient Transient Transient
NO-N-CHANGE Transient Transient Pre-industrial Transient Transient
NO-CO,-CHANGE  Pre-industrial Pre-industrial Transient Transient Transient
NO-LULCC Transient Transient Transient Pre-industrial Transient
NO-CO,-N-LULCC- Pre-industrial Pre-industrial Pre-industrial Pre-industrial Transient
CHANGE

-fertilization, nitrogen deposition, climate warming
and LULCC.

In addition to these 6 experiments, we also contin-
ued the 50-year spin up by 156 years to produce a pre-
industrial control climate. This constant forcing control
simulation is used to provide uncertainty estimates in our
analysis.

@ Springer

The  sixth  experiment  “NO-CO,-N-LULCC-
CHANGE?” is performed to test if there is any non-lin-
earity when we sum up the four effects. We find that
the combined effect (HISTORICAL minus NO-CO,-N-
LULCC-CHANGE) of CO, fertilization, nitrogen depo-
sition, climate warming and LULCC is approximately
equal to the sum of four individual effects, indicating
near linearity (Table 2).
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Table 2 Global mean changes in key terrestrial ecosystem vari-
ables due to CO,-fertilization, nitrogen deposition, climate warming,
LULCC, the sum of these four effects and combined effect during the

last decade of simulations (1996-2005) relative to the pre-industrial
period (1851-1860)

Control CO,-fertilization Nitrogen Climate warming LULCC Sum of four Combined
experiment deposition effects effect
NPP (PgCyr~!) 45.08 + 0.57 2.33 2.00 0.35 —0.71 397 4.12
HR (PgCyr1) 42.53 + 0.47 1.53 1.66 0.41 —0.79 2.81 2.50
Total ecosystem ~ 1225.48 £ 2.40 55.39 26.11 —15.05 —111.57 —45.12 —50.58
carbon (PgC)
Biomass (PgC) 636.72 £ 2.60 35.99 13.76 —3.36 —108.76 —62.37 —63.05
Soil carbon (PgC) 505.17 £ 0.50 5.77 9.96 -3.13 —-1.53  11.07 10.46
LAI 1.89 £ 0.01 0.11 0.09 —0.01 —0.08 0.11 0.14
Canopy transpira- 295.69 + 3.3 —6.06 4.87 3.32 1.95 4.08 4.21
tion (mmyr—1)
Water use 0.22 £+ 0.000 0.0154 0.0096 0.0016 —0.0059  0.0207 0.0201
efficiency
(PgCmm™")

The combined effect is calculated as HISTORICAL minus NO-CO,-N-LULCC-CHANGE. The uncertainty is the &1 SD estimated from the last
100 years of the control experiment (changes are statistically assessed relative to the variability in the unforced pre-industrial climate state)

4 Results
4.1 Trends in net primary productivity

Since NPP reflects the rate of carbon-absorbing capac-
ity of vegetation in a terrestrial ecosystem, studying the
response of NPP to the environment, can help us better
understand the feedbacks between terrestrial carbon cycle
and other components of the climate system. Figure 3 show
the time series of change in global NPP during 1850-2005
and Fig. 4 show the spatial pattern of NPP change between
1996 and 2005 and the pre-industrial period (1851-1860)
due to each of the four effects, sum of the four effects and
the combined effect.

In the model, both CO,-fertilization (HISTORICAL
minus NO-CO,-FERT) and nitrogen deposition (HIS-
TORICAL minus NO-N-CHANGE) cause an increase in
the global NPP throughout the historical period and their
impact is similar in magnitude as shown by the overlapping
time series (Fig. 3). The CO,-fertilization effect is domi-
nant in the tropical forests of Amazon, central Africa and
South East Asian forests (Fig. 4a) with the contribution on
the global scale being around 50 % of the total change in
NPP (~2 PgCyr~! out of ~4 PgCyr~!, Fig. 3). The effect
of increased nitrogen deposition is more prominently seen
in the highly industrialised regions of Europe and North
America due to fossil fuel emissions and also in developing
regions such as Southeast Asia where there is large agri-
culture activity (Fig. 4b). The change in global NPP due to
climate warming is small which could be attributed to the
decrease in NPP in the tropics (due to climate warming)

5 1 " 1 n 1 " 1 " 1 1
CO, fertilization )
4 | —Nitrogen deposition i
- ——— Climate Warming
> | =—LULCC
% 34 Sum of four
o Combined effect
o 24
o))
c ]
®©
< 1
o
&
z 7
-1

T T T T T T
1850 1875 1900 1925 1950 1975 2000
YEAR

Fig. 3 Simulated global- and annual- mean change in NPP
(PgCyr_') due to CO, fertilization, nitrogen deposition, climate
warming, LULCC, sum of four effects and combined effect during
the period 1850-2005. The combined effect is calculated as HISTOR-
ICAL simulation results minus the NO-CO,-N-LULCC-CHANGE
results. A 10 year running average is applied to the original data and
hence the first and last 5 years are not shown. Shading represents +1
SD estimated from the last 100 years of the pre-industrial control
simulation (changes are statistically assessed relative to the variability
in the unforced pre-industrial climate state)

compensated by an increase in NPP in mid and high lati-
tudes (Fig. 4c). In mid- and high-latitudes where the eco-
system is temperature limited, climate warming leads to
longer growing season (Bala et al. 2012; Piao et al. 2007;
Zhao et al. 2010; Murray-Tortarolo et al. 2013) and hence
simulated NPP is increased. The decrease in simulated
global NPP throughout the historical period (1850-2005)
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Fig. 4 Spatial pattern of terres-
trial NPP change (gCm~2yr~1)

Change in Net Primary Productivity (gC/m?/yr)

(b) Nitrogen deposition effect

due to a CO, fertilization, b
nitrogen deposition, ¢ climate
warming, d LULCC, e the

sum of these four effects, and

f combined effect during the
period 1996-2005 relative to the
pre-industrial period (1851—
1860). The combined effect

is calculated as the difference
between the HISTORICAL and
NO-CO,-N-LULCC-CHANGE
simulations. Hatched areas

(a) CO, fertilization effect

are regions where changes are

statistically significant at the

95 % confidence level which is
achieved when the mean change
exceeds two SDs estimated
from the last 100 years of the
control experiment (changes are
statistically assessed relative to
the variability in the unforced
pre-industrial climate state)

due to LULCC is likely due to historical replacement of
forests with less productive plant functional types.

The global NPP increases by 3.97 PgCyr~! (8.2 %,
sum of the four effects) during 19962005 relative to the
pre-industrial period (Table 2). While the direct CO,-ferti-
lization causes an average increase of about 2.33 PgCyr~!
in global NPP anthropogenic nitrogen deposition contrib-
utes about 2.00 PgCyr~! of additional increase. The con-
tribution of the effects of climate warming and LULCC
on the overall NPP change is an increase of 0.35 PgCyr~!
and a decrease of 0.71 PgCyr~!, respectively (Table 2).
Thus our simulations suggest that elevated atmospheric
CO, and anthropogenic nitrogen deposition are the two
major drivers for the increased terrestrial productivity.
The impact of LULCC though negative was not large
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enough to offset the impact of the first two factors in
recent decades.

When the NPP changes in the recent decades are ana-
lysed, we find that the modelled global NPP increases
by ~5 % (2.1 PgC) between 1976 and 2005 (Fig. 5a)
as simulated by the HISTORICAL simulation. This
trend over 30 years is in good qualitative agreement
with Nemani et al. (2003) who estimated a 6 % (3.4
PgC) increase in satellite-derived NPP over an 18 year
period (1982-1999). NPP shows positive trends over
large areas in the Northern Hemisphere such as North
America, Western Europe, India, China, and central
Africa but negative trends in the Southern Hemisphere
in parts of South America and South Africa (Fig. 5b).
These NPP trends have good agreement with Zhao and
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Fig. 5 a Time series of the simulated global annual NPP (PgCyr ™),
b the spatial pattern of NPP trend (gCm 2yr~2), and ¢ a compari-
son of CO, fertilization, nitrogen deposition, climate warming and
LULCC effects on NPP trends over different regions: Tropics
(20°S-20°N), northern mid latitudes (20°N-50°N), northern high lat-
itudes (50°N-90°N) and Global (90°S-90°N). In (a) the uncertainty
in trends is represented by the SE in the calculation of trends

Running, (2010) who found similar spatial patterns dur-
ing 2000-20009 in their analysis of satellite-derived NPP.
In our coupled model the simulated mean NPP is 48.8
PgCyr~! (1976-2005) which is lower than the offline
model CLM4 simulated value of 57 PgCyr~' (averaged
over 1973-2004, Bonan and Levis 2010). This differ-
ence is likely due to the missing feedbacks in the offline
model (Anav et al. 2015).
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Fig. 6 Simulated anomalies of global NPP (a left y-axis), Nino3.4
SST (a right y-axis) and their spatial correlation (b) and (c) during
1976-2005. b Correlation between Nino3.4 SST and the NPP during
the same year and c the correlation in the following year

Figure 5c shows the contribution of different regions to
NPP trends during 1976-2005. As simulated in our experi-
ments, CO,-fertilization causes positive trends in all the
regions: tropics, northern mid- and high latitudes. Nitrogen
deposition also causes positive trends in all regions with the
mid latitudes showing the largest positive trend due to this
effect. In the tropics, CO,-fertilization leads to a large posi-
tive trend when compared to nitrogen deposition (Fig. 5c).
Climate warming causes a large negative trend in the trop-
ics but positive trends in mid- and high-latitudes (Fig. 5c).
LULCC leads to negative trends in NPP in all the regions
(Fig. 5c). Overall the sum of the four effects is positive
in mid- and high latitudes but it is negative for the trop-
ics. The negative trends in the tropics are mainly caused
by climate warming and LULCC. The simulated dominant
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CO,-fertilization effect in the tropics, northern middle and
high latitudes is in agreement with a recent study (Schimel
et al. 2014): their results show significant tropical uptake
and, combining tropical and extra-tropical fluxes, suggest
that up to 60 % of the present-day terrestrial sink is caused
by increasing atmospheric CO,.

The inter-annual variability in the time series of annual
global NPP in Fig. 5a are likely associated with inter-annual
climate variability such as El Nifio—Southern Oscillation
(ENSO) as simulated by the model. We find a correlation of
—0.52 between simulated anomalies of annual mean Nino-
3.4 sea surface temperature (SST) (as defined by Trenberth
1997) and simulated annual mean NPP (Fig. 6a) indicat-
ing declined global vegetation productivity in ENSO years.
During the ENSO years, the model simulated NPP declines
in Indonesia, India, Australia, East Asia, northern Eurasia
and North America and the Amazon (Fig. 6b).

Although the exact link between ENSO and regional
NPP has large uncertainty, evidence from atmospheric
inversion and ocean models (Le Quéré et al. 2003) indi-
cates that the inter-annual variation of terrestrial ecosystem
carbon processes has some correlation with ENSO events.
Our simulated result is in agreement with the past studies
that have shown negative NPP anomaly during El Nino
and positive anomaly during La Nino events (Nemani et al.
2003; Hashimoto et al. 2004; Cao et al. 2002). As shown
in Fig. 6a, the correlation becomes positive (+0.5) when
Nino3.4 SST anomalies are correlated with global NPP of
the following year. In the year following ENSO, the tropi-
cal vegetation in Indonesia, India, East Asia, Australia, cen-
tral Africa and the Amazon show increased productivity but
northern Eurasia shows continued declines in productivity
(Fig. 6¢).

4.2 Ecosystem water use efficiency (EWUE)

The global ecosystem annual mean water use efficiency
is an indicator of adjustment of vegetation productivity to
plant transpiration. EWUE is defined as the ratio of annual
gross primary productivity to the annual evapotranspiration
and it is widely used in many previous studies (Huang et al.
2015; Zhu et al. 2011; Beer et al. 2009; Hu et al. 2008;
Ponton et al. 2006). Similar to NPP discussed above, CO,-
fertilization is the major driver for the increase in EWUE
followed by nitrogen deposition and climate warming dur-
ing the historical period (Fig. 7) which is in agreement with
a recent modelling study (Huang et al. 2015). However,
LULCC leads to a decrease in EWUE throughout the his-
torical period in our simulations.

During the recent three decades (1976-2005), our sim-
ulation show that CO,-fertilization and nitrogen deposi-
tion contribute significantly to positive trends in NPP and
EWUE but climate change has very little effect (Fig. 8).
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Fig. 7 Time series of changes in global- and annual-mean Canopy
transpiration (mmyr‘l) and EWUE (Pngm_l) due to CO,-fertili-
zation, nitrogen deposition, climate warming, LULCC, sum of these
four effects, and combined effect during the historical period 1850—
2005. The combined effect is calculated as the difference between
the HISTORICAL and NO-CO,-N-LULCC-CHANGE simulations.
Shading represents +1 SD estimated from the last 100 years of the
pre-industrial control simulation (changes are statistically assessed
relative to the variability in the unforced pre-industrial climate state)

The LULCC contributes significantly to negative trends
in NPP and EWUE (Fig. 8). Overall the sum of the four
effects in our simulations is a positive NPP trend of 0.07
PgCyr~2 and EWUE trend of 0.0005 PgCmm~'yr~! in the
recent three decades (Fig. 8). In the last decade (1996—
2005) relative to the pre-industrial period, except LULCC
all the other three factors contribute to increased NPP and
water use efficiency (Table 2). Under CO, fertilization we
simulate a decrease in canopy transpiration (Fig. 7; Table 2)
which is mainly due to CO, physiological effect (less
widely opened plant stomata under elevated CO, concen-
tration, Collatz et al. 1992; Bala et al. 2012). The increase
in LAI is likely to partly offset this decrease. Under cli-
mate change the evaporative demand increases because
of warmer temperatures. The increase in LAI is likely to
result in increased transpiration in the nitrogen deposition
case. For LULCC, we simulate an increase in canopy tran-
spiration during the last decade (Fig. 7; Table 2), though
forest cover has decreased in recent decades (Fig. le). It
is likely that the altered climate due to LULCC results in
larger mean evaporative demand. The increase in canopy
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Fig. 8 Trends in global and annual a NPP (PgCyr~2) and b EWUE
(PgCmm~lyr~!) due to CO, fertilization (HISTORICAL minus
NO-CO,-FERT), nitrogen deposition (HISTORICAL minus NO-
N-CHANGE), climate warming (NO-CO,-FERT minus NO-CO,-
CHANGE), LULCC effects (HISTORICAL minus NO-LULCC),
sum of these four, and combined effects (HISTORICAL minus
NO-CO,-N-LULCC-CHANGE) during the last three decades (1976—
2005). The trends are calculated using linear regression. Uncertainty
is represented by the SE in the calculations of trends

transpiration under LULCC needs further investigations
and we intend to study this issue in a future work.

4.3 Changes in land carbon stocks

Figure 9 shows the simulated response of the global ter-
restrial carbon pools (soil carbon, total biomass and TEC)
resulting from changes in CO, concentration, nitrogen
deposition, climate warming and LULCC during the period
1850-2005. Both CO,-fertilization and nitrogen deposition
increase the size of land carbon pools, with the effect of
increased atmospheric CO, being more pronounced than
the effect of nitrogen deposition in the case of total biomass
carbon and TEC (Fig. 9). The relative importance of these
two factors is opposite in case of soil carbon in our simula-
tions i.e., the nitrogen deposition effect is larger in increas-
ing the soil carbon stock than the CO,-fertilization effect.
This is because additional nitrogen deposition impedes
organic matter decomposition, reduces soil respiration and
thus enhanced soil carbon stock, especially in temperate
forest soils where nitrogen is not limiting microbial growth
(Janssens et al. 2010).

The overall effect of climate warming during the 20™
century reduces the land carbon sink. This is largely due to
increased respiratory fluxes (autotrophic and heterotrophic)
in warmer climates (Cox et al. 2000; Cramer et al. 2001;
Lloyd and Taylor 1994; Govindasamy et al. 2005). Our
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Fig. 9 Time series of changes in global- and annual-mean a biomass,
b soil carbon, ¢ total ecosystem carbon (TEC) due to CO,-fertiliza-
tion, nitrogen deposition, climate warming, LULCC, sum of these
four effects, and combined effect (PgC) during the period 1850-2005
as simulated by the model. The combined effect is calculated as the
difference between the HISTORICAL and NO-CO,-N-LULCC-
CHANGE simulations. Shading represents =1 SD estimated from
the last 100 years of the pre-industrial control simulation (changes
are statistically assessed relative to the variability in the unforced pre-
industrial climate state)

simulations show that LULCC causes a considerable loss
of TEC with biomass decline being the largest contributor.
Soils carbon accounts for a very small portion of this TEC
decrease. The net effect of the four factors on soils is a gain
of about 11.1 PgC by 1996-2005 relative to the pre-indus-
trial period (Table 2). During the same period, the biomass
and total ecosystem loose carbon by 62.37 and 45.12 PgC
respectively. As for the individual contributions of the four
factors, LULCC and climate warming cause declines of
111.57 and 15.05 PgC in TEC while CO,-fertilization and
nitrogen deposition cause gains of 55.39 and 26.11 PgC,
respectively. The increase in heterotrophic respiration is
larger than the increase in global NPP for climate warm-
ing (Table 2) which explains the loss in TEC due to climate
warming during the historical period. The net loss due to
the sum of these four effects is 45.12 PgC (Table 2).
Changes in TEC in the last 10 years of simula-
tions (1996-2005) relative to the pre-industrial period
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Fig. 10 Spatial pattern of
total ecosystem carbon change

Change in Total Ecosystem Carbon (KgCm™)

(b) Nitrogen deposition effect

(KgCm™2) dueto a CO, ferti-
lization, b nitrogen deposition,
¢ climate warming, d LULCC,
e the sum of these four effects,
and f combined effect during
the period 19962005 relative
to the pre-industrial period
(1851-1860). The combined
effect is calculated as the dif-
ference between the HISTORI-
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(1851-1860) show distinct regional patterns (Fig. 10).
These patterns resemble the respective spatial pattern
of changes in NPP (Fig. 4). In response to CO,-fertiliza-
tion effect, Amazon and central African forests gain TEC
larger than 1 KgCm™2 and gains of up to 0.6 KgCm™2 in
Southeast Asia and temperate forests of Eurasia and North
America (Fig. 10a) are simulated. The forest regions in
the tropics and more industrialized regions North America
and Europe show increases in TEC for nitrogen deposition
(Fig. 10b). Climate warming has little effect on TEC in
most regions except in some parts of Amazon where there
is a decline of about 0.9 KgCm~2 (Fig. 10c). The effect of
historical LULCC is a large decline in TEC in present-day
cropland areas in India, Southeast Asia, Europe and North
America (Fig. 10d).

The TEC change for the historical period can be calcu-
lated by integrating Net Ecosystem Exchange (NEE) from
1850 to 2005 in the “HISTORICAL” simulation. NEE is
the net carbon exchange between the ecosystem and the
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atmosphere, which comprises of mainly two terms as given
below in Eq. (1):

NEE = disturbance flux — NEP, (1

where disturbance flux is land use flux (includes wood har-
vest carbon loss) plus fire loss carbon and NEP represents
net ecosystem productivity (NPP-HR). HR is the hetero-
trophic respiration by the ecosystem. Here a positive value
of NEE indicates a source of carbon to atmosphere from
the land biosphere.

Figure 11 shows the cumulative NEE, disturbance flux
and NEP during the historical period (1850-2005). We find
that the cumulative NEE (44.36 PgC) is nearly equal to the
difference between cumulative disturbance flux (fire loss
carbon of 365.51 PgC plus LULCC flux of 121.15 PgC)
and cumulative NEP (442.30 PgC). The positive value of
NEE (~44.36 PgC) indicates that the ecosystem acts as a
source of carbon to the atmosphere during the entire period
(1850-2005). This cumulative NEE (44.36 PgC) is about
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Fig. 11 Time series of the budget for the cumulative net ecosystem
exchange (NEE) (PgCyr~!) during the period 1850-2005 as simu-
lated by the model in the HISTORICAL experiment. A positive value
indicates a flux of carbon from land to the atmosphere. For instance,
the land has been a source of carbon to the atmosphere (cumulative
NEE is positive) during the historical period. The numbers at the
right of each line refers to the corresponding cumulative flux in year
2005. The cumulative NEE in 2005 is positive (land is a source of
CO, to the atmosphere) because the cumulative disturbance flux is
larger than the cumulative net ecosystem productivity

the same as TEC loss (45.12 PgC) due to sum of four fac-
tors discussed above for the historical period. The cumula-
tive NEE in 2005 is positive (land is a source of CO, to
the atmosphere) because the cumulative disturbance flux
is larger than the cumulative net ecosystem productivity
(Fig. 11). This result for our HISTORICAL simulation is
in agreement with multi-model mean ensemble of CMIP5
(Friedlingstein et al. 2014) and also consistent with another
study that used an earlier version of the same model
(CCSM4, Lawrence et al. 2012). But the magnitude of our
simulated value (44.36 PgC) is larger than the value esti-
mated in CMIP5 (26 £ 36 PgC, Friedlingstein et al. 2014)
and smaller than Lawrence et al. (2012) which simulate a
cumulative NEE flux of about 64.5 PgC.

The global carbon budget studies (Pan et al. 2011; Le
Quéré et al. 2014; Ballantyne et al. 2012; Canadell et al. 2007,
Beck and Goetz 2011) indicate that the terrestrial biosphere
is a sink for carbon in the recent decades. We estimate the
changes in TEC between the early 1970s and early 2000s in
our simulations. For this recent 3 decades, we calculate a 24
PgC increase due to CO,-fertilization, 17.5 PgC due to nitro-
gen deposition and 0.16 PgC due to climate warming. LULCC
causes a decline of about 31 PgC and the net TEC increase
is about 10 PgC. Thus our simulations of changes in TEC for
the recent decades are qualitatively in agreement with recent
global carbon budget estimates and further they suggest that
the CO,-fertilization and nitrogen deposition are the main
drivers for land being a sink for carbon in the recent decades.

4.4 Carbon storage sensitivity

The carbon storage sensitivity is an important parameter
for quantifying the feedbacks between the terrestrial bio-
sphere and changes in global environmental factors. In
the past, 3 such parameters have been defined (Bala et al.
2013) describing the sensitivity of the total ecosystem car-
bon stock to changes in CO,, climate warming and nitrogen
deposition. The carbon storage sensitivity over land to CO,,
B (Bala et al. 2012; Friedlingstein et al. 2006) is defined as
the change in TEC associated with a unit change in atmos-
pheric CO,. The carbon storage sensitivity over land to cli-
mate warming (y) is defined as the change in TEC associ-
ated with a unit change in surface temperature and carbon
storage ensitivity over land to nitrogen deposition (3) as the
change in TEC associated with unit change in atmospheric
nitrogen deposition rate:

B = ATEC/AC,
y = ATEC/AT
§ = ATEC/AN

where C,, T and N here refer to atmospheric CO, concen-
trations, global-mean surface temperature and atmospheric
nitrogen deposition rate.

The values of these three parameters are estimated as the
change in TEC between the last decade (1996-2005) and
the pre-industrial period. The values of § and y are found
to be 0.50 PgC per ppm and —20.33 PgC per K, respec-
tively. A positive value of f for the global domain suggests
that each unit increase in the atmospheric CO, concentra-
tion leads to an increases in TEC in the absence of climate
warming, nitrogen deposition and LULCC effects. In con-
trast, y being negative is indicative of the reduction in TEC
solely due to an increase in temperature. Also, a positive f
suggests a negative “carbon-concentration” feedback which
acts to remove CO, from the atmosphere via enhanced
uptake of CO, while a negative y indicates a positive “car-
bon-temperature” feedback which acts to increase CO, flux
to the atmosphere as temperatures warms (Boer and Arora
2009).

The value of 8 is calculated as the ratio of TEC changes
in the last 10 years (1996-2005) relative to the pre-indus-
trial period and the change in mean nitrogen deposition
rate between the two periods. We estimate a § of 0.59 PgC
per TgNyr~! in our simulations. The value of § has been
estimated in the past by Bala et al. (2013) which estimates
a range of § values from a set of equilibrium simulations
(2.47-3.41 PgC per TgNyr~!) and these values are larger
than our present value. The large difference in § values
estimated in this study and between Bala et al. (2013) is
likely due to nature of the scenarios in the two studies—the
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present estimate relates to a transient scenario and Bala
et al. (2013) considered equilibrium simulations. This is
corroborated by the fact that the values of § and y estimated
in this present study are in close agreement with many pre-
vious transient simulations (Thornton et al. 2009; Bonan
and Levis 2010; Zaehle et al. 2010) but not in agreement
with the equilibrium values (f = 2.2-2.7 PgC per ppm and
y = —152 to —182 PgC per K) of Bala et al. (2013). The
values of sensitivity parameters {8, y and 3 in the transient
scenario are smaller than equilibrium simulations because
of lags in terrestrial ecosystem response (Jones et al. 2009,
2010; Bala et al. 2012, 2013).

Figure 12 shows the spatial patterns of §, y and 3 during
1996-2005 relative to pre-industrial period. The sensitiv-
ity of TEC is larger in the thickly vegetated regions: Ama-
zon, central Africa, India, North eastern North America and
Southeast Asia. p and § are positive over all regions due to
CO, fertilization and nitrogen deposition (Fig. 12a, c), but
Y is negative in most of the vegetated regions of the trop-
ics and is positive in high-latitudes and some parts of trop-
ics (Fig. 12b). The negative value of y is associated with
a decrease in NPP (Fig. 4c) and the consequent decline in
vegetation and soil carbon. The positive value of y in high-
latitudes forests is mainly due to longer growing season
as discussed in Sect. 4.1. Though y is negative in Ama-
zon (~—2 KgCm™2 per K), the positive value in the south-
eastern region adjacent to Amazon is likely because of
increased rainfall under climate warming. This is consistent
with Bala et al. (2012), where they find increased rainfall
in that region under climate warming and hence increased
NPP (Fig. 4c). We also simulate positive values of y (~0.4
KgCm™2 per K) in central Africa and East Asia (Fig. 12b).

5 Discussion and conclusions

We have investigated the impact of four important fac-
tors (CO,-fertilization, climate warming, nitrogen depo-
sition and LULCC) in driving the global terrestrial car-
bon cycle during the historical period using transient
simulations from a fully coupled climate model. Our
simulations suggest that the global NPP increase dur-
ing the historical period can be largely attributed to
CO,-fertilization effect with anthropogenic nitrogen
deposition making equally important contribution. Fur-
ther, our model simulations also indicate that the posi-
tive trends in satellite-derived NPP (Nemani et al. 2003;
Running et al. 2004; Donohue et al. 2013) in recent dec-
ades is likely driven by CO,-fertilization and nitrogen
deposition.

Though vegetation productivity has increased in the
recent decades, we find the global land has overall lost
carbon during the historical period. This is because the
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Fig. 12 Spatial pattern of total ecosystem carbon sensitivity to a CO,
fertilization (B, gCm~2 per ppm), b climate warming (y, KgCm™
per K) and ¢ nitrogen deposition (3, gCm~2 per TgNyr™!) during the
period 1996-2005 relative to pre-industrial state

cumulative disturbance fluxes (fire plus LULCC fluxes)
are larger than the cumulative NEP during this period. Our
results are qualitatively in agreement with a recent model
inter-comparison project study (Friedlingstein et al. 2014)
and also with another study that used an earlier version
of CESM (Lawrence et al. 2012). In our simulations, the
individual contributions to the change in total ecosystem
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carbon (TEC) by CO,-fertilization, nitrogen deposition,
climate warming and LULCC are 55.51 PgC, 25.9 PgC,
—15.05 PgC and —111.57 PgC, respectively, during the
same period (1850-2005). Thus the reduction in land car-
bon stocks due to the sum of the four effects is around
45.12 PgC and LULCC dynamics is the major driver for
this source of carbon from land to the atmosphere during
the historical period.

However, during the recent three decades (between the
early 1970s and early 2000s), simulated TEC increases
by about 10 PgC (land is a sink) which is qualitatively in
agreement with recent global carbon budget estimates (Bal-
lantyne et al. 2012; Canadell et al. 2007; Beck and Goetz
2011; Fensholt et al. 2012) which infer indirectly that land
is net sink for carbon in recent decades. In our simulations,
this 10 PgC increase is the result of a 24 PgC increase due
to CO,-fertilization, a 17.5 PgC increase due to nitrogen
deposition and a 0.16 PgC increase due to climate warm-
ing. LULCC causes a decrease of about 31 PgC. Thus our
simulations suggest that the CO,-fertilization and nitrogen
deposition are the main drivers for land being a sink for
carbon in the recent decades.

There are many unaccounted effects associated nitro-
gen deposition on land in our modelling study. Nitrogen,
though being an essential element for plant growth, can
lead to reduced plant productivity if present in excess.
Often areas of high nitrous oxide emissions also have high
ozone concentration which is likely to suppress growth
of plants (Chameides et al. 1994). Such effects associ-
ated with high nitrogen loads would dampen the positive
effect of increased nitrogen availability on plant productiv-
ity. These effects are not included in the model. This model
also lacks the representation for other essential elements
like phosphorus.

The soil carbon which is a major reservoir of terres-
trial carbon is underestimated in our simulations. The con-
ventionally accepted value of the soil carbon pool size is
around 1500 PgC (Bonan and Levis 2010) while it is only
505 PgC in our control simulation (Table 2). However,
since we have focussed only on changes and differences
in carbon stocks with respect to the pre-industrial period,
this limitation is likely to have only small influence on our
results. However, biases of this huge magnitude are not
desirable and future model improvements should address
this bias.

CLM4 (like many other global land models) does not
have representation of high latitude permafrost carbon
reservoir which contains large quantity of organic carbon
matter because of low temperatures in the high latitudes.
As global temperature increases due to climate change, the
thawing of permafrost could result in microbial decompo-
sition of frozen organic carbon and eventually this region
could become a large source of CO, (Schuur et al. 2008,

2009). This positive feedback of soil carbon respiration to
global warming scenario is not simulated by CLM4. How-
ever this effect will not affect our HISTORICAL simulation
results because permafrost feedback operates on century to
millennial timescales (Schuur et al. 2015). Another limita-
tion of this study is that it does not include the ocean car-
bon cycle, which is a very important part of global carbon
cycle. The changes in ocean carbon cycle and the conse-
quent changes in atmospheric CO, can potentially changes
the quantitative results of this work but unlikely to change
the key conclusions.

This study has investigated only the four dominant driv-
ers of the terrestrial carbon cycle and it does not account
for the contributions made by other factors like non- CO,
gases, ozone, aerosols and solar variability. The effect of
these factors on land carbon uptake is likely to be small
because as discussed in Sect. 4 the changes in terrestrial
carbon stock in our “HISTORICAL” simulations are nearly
accounted for by the sum of four effects investigated in this
study.

Our present study and its findings assume significance
due to the fact that we have used a full coupled model to
study the transient response of the land carbon cycle for the
historical period while most of the previous studies (Bala
et al. 2013; Bonan and Levis 2010; Thornton et al. 2007)
have used offline models which may have missed important
feedbacks and transient effects. The use of a coupled model
is likely to result in better quantitative estimates. The miss-
ing feedbacks and transient effects in offline models could
cause overestimation of the carbon fluxes of terrestrial eco-
system (Anav et al. 2015). For instance, the magnitude of
the sensitivity parameters, §, y and 8 are overestimated in
a recent offline modelling study that used the same land
model (Bala et al. 2013). A detailed investigation of the
possible causes for the terrestrial carbon uptake due to tem-
poral consistency in coupled models is beyond the scope of
this paper and will be the subject of future paper.

The full coupled model results obtained in this study
are from single model. Though our results are qualita-
tively consistent with many previous studies, the magni-
tude of ecosystem carbon fluxes and stocks may differ from
model to model. Therefore, a multi-model analysis will be
required to better quantify the ecosystem carbon stocks and
fluxes and to provide uncertainty estimates.

The sensitivity parameters § and y estimated in our
simulations and in previous modelling studies span a wide
range of values (Bala et al. 2012: Table 2) which suggests
large uncertainties in model-based estimates of the climate-
and concentration-carbon cycle feedbacks. Our understand-
ing of nutrient limitations on carbon cycle is limited and
models, for example, lack of carbon-phosphorous interac-
tions (Dolman et al. 2010; Reay et al. 2008; Zaehle and
Dalmonech 2011). The uncertainties in terrestrial carbon
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cycle can be reduced through expanded network of obser-
vations and by representing the processes that are missing
in current generation of land models. Hence, more observa-
tional and multi-model inter-comparisons will be required
to provide more confidence in our understanding of the ter-
restrial carbon dynamics.

In summary, the main message from this modelling
study is that increased atmospheric CO, and anthropogenic
nitrogen deposition are the two most important factors that
are responsible for the enhanced terrestrial vegetation pro-
ductivity in recent years. These two factors are also likely
driving the terrestrial carbon sink in the recent decades.
However, when the entire duration of the historical period
(1850-2005) is considered, there has been a cumulative
loss of carbon from land which has been driven primarily
by LULCC.
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