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Abstract. The response of the terrestrial carbon cycle to fu-1 Introduction

ture changes in climate and atmospheric,Gassessed by

analysing simulation results for the 2006—2100 period madeThe uptake of carbon dioxide by the land and ocean since
with the second generation Canadian Earth system moddhe start of the industrial era has moderated the rate of in-
(CanESM?2) for the RCP 2.6, RCP 4.5 and RCP 8.5 climatecrease of atmospheric GQhat would have otherwise oc-
change scenarios. Our interest is in the extent to which globat¢urred as a consequence of anthropogenic fossil fuel and land
terrestrial carbon pools and sinks, in particular those of theuse change emissions (Canadell et al., 2007; Le Quéré et
Amazonian region, are vulnerable to the adverse effects ofil., 2013). Had the land and ocean not provided this “ser-
climate change. CanESM2 results indicate that land remaingice”, all of the emitted C@ would have stayed in the at-

an overall sink of atmospheric carbon for the 2006-2100 peimosphere and the atmospheric £&ncentration would be
riod. The net carbon uptake by land in response to changes imuch higher. Several lines of evidence indicate that northern
climate and atmospheric GG close to 20, 80 and 140 Pg C mid- to high-latitude land regions are sinks of atmospheric
for the RCP 2.6, 4.5 and 8.5 scenarios, respectively. Thearbon at present while tropical land is either carbon neu-
latitudinal structure of future atmosphere—landCilix re-  tral or a net source of carbon to the atmosphere (Denman et
mains similar to that observed for the historical period with al., 2007; Ciais et al., 2010; Malhi, 2010; Pan et al., 2011).
northern mid- to high-latitude regions gaining carbon from Terrestrial ecosystems will respond to future changes in cli-
the atmosphere while the tropics remain either carbon neumate as well as to changes in atmospheric; @ancentra-

tral or a modest source of atmospheric carbon dependingon, nitrogen deposition rates, and anthropogenic land use
on scenario. These changes occur in conjunction with simuchange (LUC). The manner and extent to which the land and
lated precipitation and soil moisture increases over northerrihe ocean will moderate future atmospheric Qfxrease is
mid- and high-latitude land regions and precipitation and soilof scientific and policy relevance.

moisture decreases over the South American continent in all Earth system models (ESMs), which include representa-
scenarios. Compared to other regions of the globe, which aréons of terrestrial and oceanic carbon cycle processes, pro-
either carbon sinks or near neutral, the Amazonian region ig/ide a tool with which to study the response of terrestrial
simulated to be a net source of carbon during the 21st cenecosystems to possible future changes in climate and atmo-
tury. Moreover, and unexpectedly, the rate of carbon loss tespheric CQ concentration. We analyse results from sim-
the atmosphere from the Amazonian region is largely inde-ulations made with the second generation Canadian Earth

pendent of the differences between the three scenarios cosystem model (CanESM2) in order to investigate terres-
sidered. trial ecosystem response to the changes in climate and at-

mospheric CQ concentration consistent with three future
climate change scenarios. Our interest is in the extent to
which terrestrial ecosystems are able to function as sinks
of atmospheric carbon. The simulations analysed here are
a contribution to the fifth Coupled Model Intercomparison
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Project (CMIP5, http://cmip-pcmdi.linl.gov/cmip5/forcing. in Arora et al. (2011) together with an analysis of globally
html) (Taylor et al., 2012) and the fifth assessment reportaveraged carbon budget quantities for the 21st century. Here,
(AR5) of the Intergovernmental Panel on Climate Changewe focus on the zonal and geographical distribution of the
(IPCC). Simulations results are based on three representasimulated cumulative atmosphere—land {iDx and on the

tive concentration pathway (RCP) scenarios, RCP 2.6, 4.&hanges in live vegetation biomass and dead organic carbon
and 8.5 (Moss et al., 2010), for the period 2006-2100. pools over the 21st century.

We focus on the behaviour of the terrestrial carbon cycle An ensemble of three simulations for 2006—2100, for each
in general and on the Amazonian region in particular whereof the RCPs, are continuations of 1850—-2005 historical sim-
the simulated reduction in precipitation transforms the regionulations as explained in Arora et al. (2011). In these histori-
from a sink of atmospheric carbon over the historical periodcal and future simulations the atmospheric concentrations of
to a source of atmospheric carbon during the 21st century. CO, and other greenhouse gases (GHGSs) are specified. The

historical simulations are forced by anthropogenic changes in
2 Model description and experimental set up atmospheric concentration of G@nd non-CQ greenhouse

gases, emissions of aerosols, and land cover as well as by nat-
CanESM2 has evolved from the first generation Canadiarural solar variability and volcanic aerosols. As a result, over
ESM (CanESM1) (Arora et al., 2009; Christian et al., 2010) the historical period, land use change (LUC) affects the sim-
of the Canadian Centre for Climate Modelling and Analy- ulated climate through biogeophysical feedbacks associated
sis (CCCma) as described in detail in Arora et al. (2011).with increase in crop area and the simulated atmosphere—land
Its fourth generation atmospheric component (CanAM4) hasCO, flux through treatment of interactive LUC emissions.
evolved from CCCma’s third generation atmospheric generalThe simulations for 2006—2100 are forced with changes in
circulation model (Scinocca et al., 2008). CanAM4 is a spec-CO,, non-CQ GHGs and aerosols following the RCP sce-
tral model employing T63 triangular truncation with physi- narios. However, the land cover in these future simulations is
cal tendencies calculated on a 1284 (~ 2.81°) horizontal ~ held fixed at its 2005 value so that the terrestrial biosphere
linear grid, and 35 layers in the vertical whose thicknessesesponds only to changes in climate and atmospherig CO
increase monotonically with height to 1 hPa. The physicalconcentration, except that the year 2005 land cover is the re-
ocean component of CanESM2 has 40 levels with approxi-sult of changes in crop area over the historical period. Unlike
mately 10 m resolution in the upper ocean and the horizontathe historical simulations, anthropogenic LUC in future sim-
ocean resolution is approximately 1°4(ongitude)x 0.94 ulations does not affect the simulated atmosphere—lang CO
(latitude). flux.

The ocean and land carbon cycle components of Solar variability is included by repeating the 1997—-2008
CanESM2 are represented by the Canadian Model of Oceasolar cycle. These simulations, without future anthropogenic
Carbon (CMOC) (Christian et al., 2010) and the Canadianland use change, are also a contribution to the LUCID-
Terrestrial Ecosystem Model (CTEM) (Arora et al., 2009; CMIP5 (Land-Use and Climate, IDentification of robust im-
Arora and Boer, 2010), respectively. LUC emissions arepacts) intercomparison that focuses on biophysical and bio-
modelled interactively on the basis of changes in land covergeochemical effects of LUC in CMIP5 simulations (Brovkin
if prescribed, that are determined by changes in crop areaet al., 2013).

The historical land cover is reconstructed using the linear ap-

proach of Arora and Boer (2010); as the fraction of crop area )

in a grid cell changes the fraction of non-crop plant func- S Carbon budget equations

tional types (PFTs) is adjusted linearly in proportion to their
existing coverage. The historical changes in crop area ar

based on the data set provided for CMIP5 simulations. Whenre yertically integrated carbon budget equation for the at-

fraction of crop area in a grid cell increases then the frac'mosphere and the underlying land and ocean are written as
tional coverage of other PFTs is reduced which results in

deforested biomass. The deforested biomass is allocated tdia

three components that are burned instantaneously and cong, — 2A ~ (fot+ /L) +er=Aa = (fo+ fi) + (er +ev)
tribute to short and long term wood product pools (Arora dhg

and Boer, 2010). When the fraction of crop area decreases,g; — Ao+ fo

g.l Vertically integrated equations

the fractional coverage of non-crop PFTs increases and theig, dh

vegetation biomass is spread over a larger area reducing vegy,~ = fi=fi—e= &

etation density. Carbon is sequestered until a new equilibrium dhy  dis

is reached providing a carbon sink associated with regrowth =4 + o fi—eL=n—rq—eL (1)

as the abandoned areas revert back to natural vegetation.
A comparison of the simulated 20th century carbon bud-
get in CanESM2 with observation-based estimates is given
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with the carbon budget equation for the entire system written

as dH, F
dh _ dia | dho  dhL _ o
G- gt g T g =UatAoter=Ater () dH

_ re Er. 4)

Hereh = ha +ho+ hy is the total carbon content (g CTH)

of the atmosphere, ocean and land respectivaly, and Similar to Eq. (2),H = Ha + Ho+ HL is the global car-

Ao the carbon transports by the atmosphere and oceahon content (PgC) of the atmosphere, ocean and land re-

(gCm2yr-1) andA their sum,fo and f, are atmosphere— spectively. Fo and F are global atmosphere—ocean and

ocean and atmosphere—land £ifuxes (gCnm2yr~1) and  atmosphere—land GOfluxes (Pg C yrl) and Ef is the

er is the local anthropogenic fossil fuel emission rate global anthropogenic fossil fuel emission rate (Pg Clyr

(gCm2yr 1y, FL. = Fi — E is composed of global LUC emission rafie
The net atmosphere—land @®ux fi = fi — e partakes as well as the remaining global “natural” G@lux Fj. Fi-

of both the carbon released into the atmosphere due to LUyally, N and Ry are global net primary productivity and

expressed here as an emission rate as well as the re- heterotrophic respiration (Pg CW). Here, E_ is positive

maining “natural” CQ flux fj not associated with LUC. for historical simulations which account for changes in land

fi is also referred to as the residual land sink in the con-cover over the historical period, but zero for future simula-

text of the historical carbon budget (Le Quéré et al., 2013).tions.

The rate of change of land carbon associated with this flux Integrating Eq. (4) in time withftg(dH/dt)dt =H(t)—

is dn /dr = £i. In Eq. (1) the land carbohy = hy + hs is

composed of live vegetation biomasg (g C m~2) and dead

organic carboris (gCm2) in the soil and litter carbon

pools. fi=n—ry (gC mfzyr—l) is the difference between A _ _ (Fo " FI) n (EF n EL)

local values of terrestrial net primary productivity (NPP) y

and heterotrophic respiration. Fire is not operating in theseA Ho = Fo

CanESM2 simulations. AH, = F = Fi— B

H(tg) = AH (1) andledt = F(t) (PgC) gives

fo

3.2 Globally integrated equations =AHy+AHs=F —E_=N—Rqy—E_
In the model, values are known on the model grid. For grid AH = IT'
valuesx;; in Egs. (1) and (2) (where and j identify grid AH = EF. (5)
squares centred at longitudleand latitudep ;) the integrated ) ,
global value is The cumulative change of carbon in the atmosphere, the
ocean and the land carbon not associated with LUC is
2 - - .
X=//XR cospdrdp =) _xij Aoij AHp+ AHo+ AH = Er+ EL = E, (6)
1

where E (PgC) is the sum of the anthropogenic emissions
= Z <Zx,»j Ao,-j> = Z[x]j, 3) from fossil fuel consumption and land use change. Finally,
j i j dividing Eq. (6) byE gives

where R is the radius of the Earth ando;; the grid cell AHxn AHo AH,
area. Herdx] is the contribution to the global value from a Pa+ Po+ P = E + E + E 1 @
latitudinal band. ) . . L

The transport termgA, Aa, Ao) go to zero when inte- the fractions of anthropogenic emissions remaining in the at-
grated over the globe and the resulting equations for the nefosphere (the airborne fraction) and taken up by the ocean

carbon in system components parallel those in Eq. (1) with @nd land over the period. _ o
The local contribution to the global fraction of emissions

dH

th — —(Fo+ FL)+ Er = — (Fo+ F)) + (Er + EL) taken up by land follows from
dHo _ . cm:ﬂ:/ ANy = 3 A1 A0

dr E E T E

dH, dH,
d_[LZFLZFI_ELZd_tI_EL ZZ(pij:Z[(p]ja (8)

dHy dHs Y !
o + d F—E L =N-Ru—-EL whereg (dimensionless) is the ratio of the local change in

land carbonA, to total global anthropogenic emissiofs
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From Eq. (8):; and[¢]; are, respectively, the contribution for the RCP 8.5 (2.6) scenario. In all scenarios, the decrease
of a grid cell and a latitudinal band tb;. in soil carbon and litter masHs (Fig. 1f) is small relative

We consider a further local metric that quantifies the re-to changes in vegetation biomals. The simulated uptake
sponse or “reactivity” of land carbon change to the changesf atmospheric carbon over land is primarily the result of an
in climate and CQ associated with the different scenarios. increase in vegetation biomass.
The difference in the local land carbon change, over the Figure 2 displays the airborne fractio®f) of cumu-
2006-2100 period, between the most strongly (RCP 8.5)ative anthropogenic fossil and LUC emissiofisand the
and least strongly (RCP 2.6) forced scenariagi(gs) — corresponding fraction of emissions taken up by the land
Ah26)) is compared to the changeh 4 5 for the “moder-  (®)) and the oceand{p) over the 2006—-2100 period for the
ately” forced scenario RCP 4.5. The reactivity of land carbonthree RCP scenarios. The year 2005 values are based on

change (dimensionless) in this case is CanESM2 historical simulations for the 1850-2005 period
as described in Arora et al. (2011). The 2005 valueb@af
_ |Ahigs) — Az (9)  ©f 0.51 lies towards the upper end of the range 0.34-0.52 for
| AR5 ' this quantity estimated from an observation-based increase in

i o _ atmospheric carbon burden of 200 Pg C, anthropogenic fos-
This characterization, as the ratio of the range over the meg;; f,el emissions of 338 20 PgC and LUC emissions of
dian change, could be more generally applied to a large en5g4 7g Pg C from Houghton (2008) (assumiid0 % un-

semble of results. Values of are greater than one when the o rtainty in LUC emissions) for the period 1850-2005 as dis-
spread in land carbon change across scenarios is greater thaflssed in Arora et al. (2011).

the median change implying that the land carbon change is |, Fig. 2, @, increases and then decreases for the RCP 2.6

responsive to differences in climate change scenarios. Connq 4 5 scenarios but continues to increase for the RCP 8.5
versely, values o less than one imply that land carbon re- gcenario in response to a continued increase in atmospheric

sponds comparatively weakly to differences in forcing SCe-CcO, concentration (Fig. 1a). The behaviour @fs in

narios. CanESM2 simulations is similar to that of other CMIP5 mod-
els as reported in Jones et al. (2013) (their Fig. 7). In the

4 Results RCP 8.5 scenario, since atmospheric Gfoncentration in-
creases at a faster rate than the capacity of the land and ocean
4.1 Globally averaged values to sequester it, a larger fraction of the emissions stays in the

atmosphere and, continues to increase.
Figure 1 displays the time series of simulated carbon budget The fraction®, of cumulative emissions that is taken up
quantities for the three RCP scenarios as well as that of théy land (Fig. 2b) decreases in all three scenarios. Results for
pre-industrial control case in which atmospheric C&n- the RCP 2.6 and 4.5 scenarios are similar with a larger de-
centration is held at 284.7 ppm. The shading indicates therease in®; seen for the RCP 8.5 scenario. In that scenario
range across the three ensemble members for each case. Feggpecially, the carbon dioxide removal “service” provided by
ure la plots the time series of the atmosphericoc@0On-  the land in sequestering carbon weakens with time.
centration and Fig. 1b the cumulative global atmosphere— By contrast to®, the fraction of the cumulative anthro-
land CQ flux Fi = AH, for the period 2006—-2100. In the pogenic emissions taken up by the ocedns (Fig. 2c) in-
absence of LUCF, = f; and H_ = H,. Climate is in near creases in the RCP 2.6 and 4.5 scenarios although it de-
equilibrium in the control simulation and it§ values indi-  creases for the RCP 8.5 scenario. On long time scales the
cate only a very small residual drift (0.052 Pg C¥y. Land oceans are the eventual main reservoirs of anthropogenic car-
is an overall sink of atmospheric carbon in all climate changebon owing to their much larger capacity to store carbon com-
scenarios with the highest carbon uptake for the RCP 8.%ared to the land. Atmospheric G@oncentration increases
scenario £ 140 Pg C) and lowest for the RCP 2.6 scenario more slowly in the RCP 2.6 and 4.5 scenarios than in the
(~20PgC). The higher Cfconcentration in the RCP 8.5 RCP 8.5 scenario and the rate of carbon uptake by the oceans
scenario yields higher terrestrial net primary productity  more than keeps up with the rate of increase of atmospheric
compared to the RCP 4.5 and 2.6 scenarios (Fig. 1¢). Th€O, hencedg increases andp decreases (Fig. 2a and c).
RCP 8.5 scenario also displays higher heterotrophic respirain the RCP 8.5 scenario, by contrast, atmospherie @O
tion Ry (Fig. 1d) due to much warmer simulated tempera- creases at a faster rate than in the RCP 2.6 and 4.5 scenarios
tures over land as well as higher litter fall inputs (through and the carbon uptake by the oceans cannot keep up with the
increased NPP) to litter and soil carbon pools. Overall, how-increasing atmospheric GOThe resultis decreasirbpo and
ever, sinceRy exceeds litter fall, the combined litter and soil increasingda for the RCP 8.5 scenario.
carbon mass decreases over the 21st century for all scenar- Interpreted in terms of the “service” of atmospheric £O
ios (Fig. 1f) with the largest decrease for the RCP 8.5 scetremoval that is provided by the oceans and the land, the ocean
nario. Simulated vegetation biomagk, (Fig. 1e) exhibits  provides this service at an accelerating rate in the RCP 2.6
behaviour similar taRy with the largest (smallest) increase and 4.5 scenarios while the service provided by the land

Biogeosciences, 11, 4154171, 2014 www.biogeosciences.net/11/4157/2014/
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Figure 1. (a) Specified CQ concentrations used for the pre-industrial control and the three RCP-based simu(b)isimsulated cumulative
atmosphere-land GQuptakeFj = A H,; (c)terrestrial net primary productivityy; (d) heterotrophic respiratiorRH; (e) vegetation biomass,

Hy; and(f) solil plus litter carbonHs. The shading indicates the range in the variables across the three ensemble members of the simulations.
The y-axis range is the same in pané&3and(f).
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a) Airborne fraction of cumulative emissions b) Fraction of cumulative emissions taken up by land
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Figure 2. Airborne fraction of cumulative fossil fuel and LUC emissiordsy(, &) and fraction of these cumulative emissions taken up by
land (@, b) and ocean®, c) for the 2006—2100 period and for the three RCP scenarios. The year 2005 values are calculated using results
from the CanESM2 historical simulations as reported in Arora et al. (2011).

decreases and then stabilizes. For the more extreme RCP 8rbulative values f; | in Fig. 3a for the historical 1850-2005
scenario, the service provided by both the land and the oceageriod are in broad agreement with the consensus that carbon

continues to decline. uptake has been occurring in northern mid- to high-latitude
regions while the tropics are, on average, near neutral or a

4.2 Latitudinal behaviour small source of carbon to the atmosphere (Denman et al.,
2007; Ciais et al., 2010; Malhi, 2010; Pan et al., 2011).

Figure 3a plots the latitudinal distribution ﬁﬁ] = [fl] - The distributions oi[ﬁ] for 2006-2100 (which are also

[2], the cumulative net atmosphere—land LARX (grey 0 istributions o fi | in these simulations of future cli-

line) for the historical period 1850-2005 together with the oo )
mate), are shown in Fig. 3b for the three RCP scenarios.

‘natural” flux [ﬁ] excluding LUC emissions (dark line). The latitudinal structures f~] are similar to one another
Both are based on CanESMZ2’s historical simulation as re- /i

ported in Arora et al. (2011). For the historical period the for the'thre.e cl.imate change scer]arios Iand for the histori-
~ . cal period in Fig. 3a at mid- to high-latitudes where land
overall flux | i | evidences a loss of carbon from land be-

gains carbon from the atmosphere in the absence of LUC
tween 30 and 55N because of the LUC emissiors as-  emissions. The scenario fluxes for the tropical region (be-
sociated with the expansion of cropland during the period,tween 30 S and 36 N) indicates a moderate carbon loss in

approximated here to first order as deforested biomass. Thghe RCP 2.6 scenario, but near-neutral carbon exchange in

natural qux[ﬁ], by contrast, is positive at all latitudes. Cu- the RCP 4.5 and 8.5 scenarios, because thgfé€dilization

Biogeosciences, 11, 4154171, 2014 www.biogeosciences.net/11/4157/2014/
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Figure 3. The latitudinal distribution of the cumulative atmosphere—lang @axes for the historical 1850-20@8&) and future 2006—-2100

(b) periods for the three RCP scenari.Plots ] the latitudinal contribution off; to @, the global fraction of cumulative emissions taken
up by land over the historical period and over the 21st century for the three RCP scenarios.

effect is weakest in the RCP 2.6 scenario. This pattern of cuthe RCP 2.6 scenario in this region. Figure 3c also shows

mulative atmosphere—land G@xchange is broadly similar that the differences ifiy] among RCPs are largest at high

to that simulated by other ESMs participating in the CMIP5 latitudes (between 50 and 7N) and that the value dfy] is

intercomparison. For example, Fig. 2 of Koven (2013) com-similar in the tropics for the three scenarios.

pares changes in land carbon over the 2040—-2060 period for

the RCP 4.5 scenario from five ESMs including CanESM2.4.3 Geographical distribution

He finds that most ESMs lose carbon to the atmosphere in

the tropics and gain carbon from the atmosphere in mid- toFigure 4 displays the simulated geographical distributions of

high-latitude land regions. changes in temperatur@ ('), precipitation A P) and liquid
Figure 3c plotgg] the latitudinal distribution of the con- Moisture in the top 1 m soil layen) for the three RCP sce-

tribution to @, the fraction of cumulative anthropogenic narios during the 21st century. The changes are calculated

emissions taken up by land, for the historical period and foras the difference between the decadal averages of the years

the three climate change scenarios. Comparison of Fig. 38006—2015 and 2091-2100 averaged over the three ensemble

and c for the three climate change scenarios indicates thafiembers. As expected, temperature changes are larger over

while the highest atmosphere—land carbon f ﬁ% oceur land and in polar regions than over oceanic regions (Fig. 4a,

. ) . . . . b and c). In the tropics, the temperature increases are com-
at mid- to high-latitude regions in the RCP 8.5 scenario, the ) P P

fracti ¢ lati th . o tak b )):)aratively large over the South American continent and the
raction of cumurative anthropogenic missions taken Up byama;qnjan region in association with reductions in precipi-
land[¢] is highest in the RCP 2.6 scenario. The land is un-

ble t tain th tractional uptake of emitted carb tation (Fig. 4d, e and f). Precipitation decreases over most of
avle to sustain tne same fractional Uptake ot emitted carboly,» gq,th American region, increases over northern mid- to

in the more strongly forced RCP 8.5 scenario compared tOnigh—latitude land regions and also over land in the Southeast

www.biogeosciences.net/11/4157/2014/ Biogeosciences, 11, 41522014
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Change over the 2006-2100 period
calculated as the difference between the decadal averages for the years 2006-2015 and 2091-2100

RCP 2.6 RCP 4.5 RCP 8.5

Change in temperature (°C) _g -5 -35 -25 15 05 05 15 25
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Figure 4. Geographic distribution of changes in temperatux&y, precipitation A P) and soil moisture in the top 1 m soil layek§) over
the 2006—2100 period in the three RCP scenarios.

Asian region and parts of central Africa in all scenarios. Soil ization effect. In the tropics, carbon uptake is primarily lim-
moisture responds to changes in precipitation with large deited by precipitation and higher GQevels cannot increase
creases over the South American continent, in particular thevegetation biomass if soil moisture levels limit photosynthe-
Amazonian region, and increases over mid- to high-latitudesis. Vegetation biomass increases over the Southeast Asian
land regions (Fig. 4g, h and i). region and central Africa in the RCP 4.5 and 8.5 scenarios
The associated changes in vegetation, soil and total lanevhere precipitation and soil moisture also increase implying
carbon are shown in Fig. 5. Changes in atmospherig CO that, in a broad sense, carbon uptake by vegetation is not soil
concentration, temperature, precipitation and radiation all af-moisture limited. Vegetation biomass increases in the cen-
fect the changes in carbon uptake and vegetation biomassral African region (Fig. 5a, b and c¢) despite the decrease the
Over mid- to high-latitude regions, where vegetation growth precipitation (Fig. 4d, e and f) and soil moisture (Fig. 4g, h
is currently limited by temperature, vegetation biomass in-and i) in the central-west of this area. Soil moisture stress for
creases andvhy is positive (Fig. 5a, b and c¢) both because photosynthesis in CTEM, the terrestrial carbon cycle com-
of increases in temperature and because of the fe@il- ponent of CanESM2, is modelled as a function of soil matrix
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Change over the 2006-2100 period
calculated as the difference between the decadal averages for the years 2006-2015 and 2091-2100

Change in total land carbon density (Kg C/m?)

-14 -10 -6 -4 -2 -1 -025 025 1 2 4 6 10 14

Figure 5. Geographic distribution of changes in vegetation biomass/(), soil plus litter carbon Ahg) and total land carbonA =
Ahy + Ahg) over the 2006—2100 period in the three RCP scenarios.

potential which depends on the absolute soil moisture. Debut remain near neutral in the RCP 4.5 and 8.5 scenarios as
pending on the absolute initial value of soil moisture in a seen earlier in Fig. 3b.

region and given the increasing g@hotosynthesis may or The simulated changes in soil and litter carborkg

may not reduce for small reductions in soil moisture. The (Fig. 5d, e and f) are generally smaller than the changes in
reduction in precipitation and soil moisture over tropical and vegetation biomass, as also seen in the global values of Fig. 1,
subtropical South America, including the Amazonian region,except over tropical and subtropical South America. Mid-
leads to reduced vegetation biomass in all scenarios. Herto high-latitude regions see both increases and decreases in
the benefits of the CPfertilization effect are not realized soil carbon depending on whether increased carbon inputs
due to large reductions in precipitation and soil moisture. Theinto the soil through increased litter fall (via increases in
loss of carbon over the South American continent is compenNPP) are compensated by increased respiration (associated
sated differently by the gains over other tropical regions inwith warmer temperatures) or not. Tropical ecosystems of
the three scenarios. As a result, cumulatively over the 2006-South America and Africa, except in regions of increased
2100 period, the tropics lose carbon in the RCP 2.6 scenarigrecipitation, typically lose soil carbon in these simulations.
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The decrease in soil carbon over the South American con- Reactivity of land carbon change to RCP scenarios ()
tinent is caused primarily by reduced litter fall inputs into -

the soil, which occur as a result of reduced NPP associ-
ated with reductions in precipitation and soil moisture. The
net result, in terms of changes in total land carkoin =

Ahy + Ahg (last row of Fig. 5), is that while mid- to high-
latitude and central African terrestrial ecosystems sequestel
carbon, South American ecosystems become a carbon sourc
in all scenarios.

Figure 6 displays the geographical distribution of the “re-
activity” ¢ of land carbon to future climate change based
on Eq. (9). Reactivity in this context refers to sensitivity of
land carbon change, over the 2006—2100 period, to the dif-
ferent climate change scenarios. At least three large-scale
regions stand out in Fig. 6. The mid to northern part of Land carbon change tesponds weally
the South American continent, including the Amazonian re-
gion, exhibits low reactivity, the central African region ex- Figure 6. Geographical distribution of the reactivity) of land
hibits high reactivity, and the northeastern Eurasian regiorFarbO” change to future climate change scenarios calculated from

including the Scandinavian countries exhibit low reactivity E9- (9)- Values less than 1 (green tones) indicate comparatively
to climate change scenarios. The tropical forests of SOuthyveak dependence on scenario and values greater than 1 (orange and

east Asia and southeastern China also exhibit high reactiv[eOI tones) indicate strong dependence on scenario.

ity. Regions of low reactivity indicate similar land carbon

change across scenarios. One reason for this is the compen-

satory effects of forcings, as discussed in the next sectionmospheric carbon during El Nifio events. Malhi (2010), who
for the Amazonian region, where the positive effects of in- summarizes inventory, remotely sensed and inversion-based
creased CoQfertilization effect are counteracted by the neg- estimates, calculates tropical American biomes as a whole
ative effects of higher reduction in precipitation with increas- to be a weak sink of atmospheric carbon of 0.688.15

ing COy. Arid regions with generally low vegetation are also Pg C yr! for the period 1990-2006 (his Table 4). From 1980
expected to exhibit low reactivity because regardless of theonwards, as land carbon decreases, CanESM2 simulates the
atmospheric C@ concentration, the land carbon amount is region to be a growing source of carbon to the atmosphere.
not expected to change substantially. This is the case for the The Amazonian region is simulated to lose about 20 Pg C
Sahara region, parts of Australia, the arid region in north-over the 2006—-2100 period in all scenarios (Fig. 7a). Al-
western China and the adjacent Gobi desert. Regions of higthough the three scenarios are characterized by quite differ-
reactivity indicate different land carbon change across sceent CGQ concentrations (Fig. 1a) the carbon losses are sim-
narios. In these regions the compensatory effects of forcilar and the region displays low carbon reactivity to climate
ings are absent. These regions include the Central African reehange scenarios as seen in Fig. 6. Here the effect gf€@©
gion, and tropical forests of Southeast Asia and southeastertilization associated with increasing G& counteracted by
China. Here, increasing atmospheric £€dncentration, un-  the effects of decreasing precipitation and warming tempera-
like the regions over the South American continent, does notures in the region. As a consequence, the lowy RCP 2.6
cause large decrease in precipitation and the benefits of COscenario exhibits nearly as much carbon loss as the high CO
fertilization are realized giving different land carbon change RCP 8.5 scenario. The simulated loss of land carbon for the

0.25 0.50 0.75 1.00 1.25 1.50 2.00 2.50 3.00

Land carbon change responds strongly to
RCP scenarios

in the three scenarios. region is very similar for the three scenarios in Fig. 7a.
Figure 7b displays the simulated change in land carbon
4.4 The Amazonian and central African regions over the central African region for the historical (1900-2005)
and future (2006—2100) periods. Land carbon increases dur-
Figure 7a plots the simulated land carbon chandg = Fi. ing the 20th century, hence is a modest sink of atmospheric

over the low reactivity Amazonian region (we use the regioncarbon, with a simulated net land—atmosphere, @@x of

as defined by the Amazon River basin in the model) for theabout 0.06 Pg C yr for the period 1990—2005. Malhi (2010)
historical (1900-2005) and future (2006—2100) periods. Theestimates that African tropical biomes were a sink of atmo-
region initially takes up carbon during the 1900—-1950 periodspheric carbon of around 0.#70.15Pg Cyr? for the pe-
and is near neutral for the 1950-1980 period. Houghton etiod 1990-2005. The region is simulated to continue to take
al. (2009) summarize the regional carbon budget using reup CQ, and to act as a sink of atmospheric carbon during the
sults from inversion-based studies and plot-based biomas21st century with the largest carbon uptake for the RCP 8.5
measurements and indicate that Amazonia has been, on aveseenario. Unlike the Amazonian region for which precipita-
age, carbon neutral over the 1990s albeit a small source of ation and soil moisture decrease as£@creases (Fig. 49, h
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a) Land carbon change._in the Amazonian region 5 Discussion and conclusions
AH, =F,PgC
sfF A‘/”MAJ\W\‘ T ] ESMs are able to simulate the broad geographical and lati-
%/ W L, , . tudinal patterns of atmosphere—land £&xchange but are
N oing B)7), Land gainscarbon not expected to simulate small-scale patterns. Biases in
¢ W NN N Land loses carbon simulated climate, the pre-industrial land carbon state, the
5 F —_ ggtjog%al B strength of the C@fertilization effect, and the differences in
- |—RoP45 ] the manner in which LUC is represented in models all con-
4o [ [——RCP85 B tribute to uncertainties in simulated atmosphere—lang CO
C ] fluxes. The terrestrial carbon cycle modelling community can
C J only broadly quantify the contributions of climate change,
15 - : CO, fertilization, LUC and nitrogen deposition to the cu-
C mulative atmosphere—land GGlux over the historical pe-
20 riod. Uncertainties remain in the magnitude of the dér-
- tilization effect (Arora et al., 2013) and LUC emissions (Ra-
B T L mankutty et al., 2007), and differences exist in the manner in
1900 1950 %22? 2050 2100 which LUC is represented in ESMs (Brovkin et al., 2013).
The representation of coupled carbon and nitrogen cycles
b) Land carbon chzrljlge_inﬁthg ceCntraI African region over land in ESMs is being developed and a few ESMs cou-
50 : .L._ lL’I gl —— ple terrestrial carbon and nitrogen cycles and thus have the
E - —— Historical E ability to treat nitrogen deposition. Arora et al. (2013) show
E ——RCP 2.6 / that the behaviour of models that include this coupling dif-
40 —RCP45 |/ — fers from models that do not and large uncertainties remain in
E ——RCP 85 5 . . . o2 .
E / E the manner in which nitrogen limitation constrains the,CO
30 B y 4 fertilization effect (see also Thomas et al., 2013). Finally,
E E high northern latitude peatlands and the carbon losses typ-
20 '_ ‘ 3 ically expected with the degradation of permafrost soils are
£ /v\ ’/\wf\\ ‘ E not represented in any of the ESMs participating in CMIP5,
E M " [fv o Y, W/ : including CanESM2.
10 E_W/ w \m Y W Y Despite these caveats, CanESM2 is able to simulate broad-
PEV“ 7 mﬂwﬂ\ E scale patterns of historical atmosphere—land, @iOx that
0 '/W\/\‘M\‘ V\ ) ,\Mf/ ‘ Land gains carbon 7 are consistent with observation-based estimates. These esti-
¢y lendlsscabon 3 mates indicate that, at present, the tropics are either a weak
1900 1950 2000 2050 2100 source of atmospheric carbon or near neutral while mid- to

Year high-latitude northern land is gaining carbon from the atmo-
: . : ~ sphere. Two main conclusions can be drawn from CanESM2
Figure 7. Simulated change in land carboA H| = F ) over the

Amazonian(a) and central Africar(b) regions (outlined in the in- results W_h|Ch simulate the _terr(_esmal biosphere’s re_sponse
set) for the historical (1900-2005) and future (2006—2100) periods.to pOtem'a_l future Cha”ges in climate and aFmOSph_e_”Q co
The future results are from the three RCP scenarios. The shadingoncentration: the relative role of the land in providing an
in light beige, blue, green and red colours corresponds to the rang@tmospheric carbon removal service will decline, and fur-
across the three ensemble members of the historical and RCP 2.gher increases in atmospheric €€bncentration will lead to
4.5 and 8.5 simulations, respectively. a strengthening of the sink of atmospheric carbon in mid-
to high-latitude regions while, overall, the tropics will be-
come either a modest source of carbon to the atmosphere or
and i), precipitation and soil moisture increase in the centralktay near neutral. Within the tropics, the Amazonian region
African region in all scenarios. As a result, photosynthesisjs simulated to be a net source of carbon for the atmosphere
is not soil moisture limited and the benefits of the J@r-  during the 21st century, even in the absence of anthropogenic
tilization effect are realized. The change in land carbon in_yc, while the African region is a simulated to be a sink
the region shows large reactivity to climate change scenariogy atmospheric carbon. Over the Amazonian region, a low
consistent with large values ofin Fig. 6. CO, pathway, such as the RCP 2.6 scenario, may not give an
appreciably different result than a high g@athway, such
as the RCP 8.5 scenario. This comparative independence of
Amazonian carbon loss across climate scenarios is an un-
expected and an apparently novel result. The simulated de-
crease in precipitation that occurs in conjunction with higher
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atmospheric Ce@concentrations counteracts the £fertil- CanESM2 minus CMAP precipitation averaged over the 1979-1998 period
(mm/day)

ization effect in the region.

The response simulated by CanESM2, and other ESMs, tc
future changes in atmospheric g@epends on the strength
of the CQ fertilization effect of the models’ terrestrial
carbon cycle components. Boer and Arora (2013) com-
pare the strength of carbon-concentration and carbon-climate
feedbacks of land and ocean carbon cycle components ir
CanESM2 and these methods are also applied to results fron
eight comprehensive ESMs participating in CMIP5 (includ-
ing CanESM2) and to an ESM of intermediate complexity in
Arora et al. (2013). These results are from idealized simula-
tions in which atmospheric CQncreases at a rate of 1 % per
year until the concentration has quadrupled. The magnitude -¢ -5 -4 -3 -2 -1-02%5 0251 2 3 4 5 6

of the carbon-concentration feedback parameter over langig e g Difference between CanESM2 and observation-based

i_S importantly affected by the strength of the gtertiliza- precipitation estimates from CPC Merged Analysis of Precipitation
tion effect. The CanESM2 value of this feedback parametefcMAP) based on Xie and Arkin (1997) averaged over the 1979

BL is 0.97 Pg C ppm! which compares well with the model 1998 period.
mean of 0.92 Pg C pprt from nine models which have val-
ues ranging from 0.22 to 1.46 Pg C ppi(Table 2 of Arora
etal., 2013). al., 2007, Fig. 8.5; Joetzjer et al., 2013) this caveat will apply
The result that the tropics may either become a mod-to other model results as well. The low precipitation and the
est source of carbon to the atmosphere or stay near neutragsulting comparatively low vegetation biomass and soil car-
in the future as atmospheric GQ@&oncentration increases bon is partly the reason that changes in vegetation biomass
is consistent with the results of other ESMs as reported inand soil carbon over the region are simulated to be small dur-
Koven (2013) who compares the simulation results for theing the 21st century in Fig. 5. Had the modelled precipitation
RCP 4.5 scenario from five comprehensive ESMs participatfor the 20th century not been biased low we would expect the
ing in CMIP5. The spatial pattern of carbon losses differscarbon balance of the region to have transitioned from sink
somewhat among participating ESMs because of differento source in Fig. 7a at a somewhat later date. However, over-
biases in simulated climate and different climate change patall carbon losses would also be larger because of the larger
terns. Our finding that South American ecosystems lose carearbon stores per unit area.
bon in future simulations is consistent with results reported The absence of high northern latitude peatlands in the
in Koven (2013) (see his Fig. 2). models means that the carbon losses expected from the
Joetzjer et al. (2013) summarize changes in precipitatiordegradation of permafrost soils with climate warming are not
due to climate change over the Amazonian region from mod+epresented in the models. Carbon losses from high north-
els participating in CMIP3 and CMIP5. They conclude that ern latitude peatlands are not expected to offset the car-
there is a consensus amongst models on an overall redu@on losses from the Amazonian region in the global bud-
tion in precipitation and a lengthening of the dry season.get. Including these processes would reduce the high-latitude
This is related to a northward shift of the boreal summernet atmosphere—land GQlux (i.e. less sequestration and
intertropical convergence zone in CMIP5 models, in line smaller value offj) by increasing carbon losses from soils
with a more asymmetric warming between the Northern and(i.e. smaller positive or larger negativé@s) but would not be
Southern Hemispheres. Joetzjer et al. (2013) also show thaixpected to change the carbon sink resulting from changes in
present-day simulated precipitation is biased low in CMIP3vegetation biomass (i.eAhy would be expected to remain
and CMIP5 models over the Amazonian region comparedthe same). High-latitude permafrost carbon losses are ex-
to observation-based estimates. This is also the case fqguected to accelerate climate change due to the associated pos-
CanESM2 as shown in Fig. 8 which compares model pre-tive permafrost carbon feedback (MacDougall et al., 2012).
cipitation with the observation-based estimate from the CPC The results obtained here provide some insight into the is-
Merged Analysis of Precipitation (CMAP) based on Xie and sue of the dieback of the Amazonian forests. This possibil-
Arkin (1997) for the period 1979-1998. ity was noted in an earlier study by Cox et al. (2000) and
The low value of simulated precipitation for the current considered somewhat unlikely at the time. Since then the is-
climate makes the modelled carbon balance in the Amazosue has received considerable attention (Clark et al., 2003;
nian region somewhat more vulnerable to a reduction in pre-Malhi et al., 2009; Lenton, 2011). The recent 2005 and 2010
cipitation than would be the case for the real-world forest. Amazonian droughts wiped away a decade of carbon gains
Since the tendency to underestimate precipitation over th¢~0.4PgCyr?) in just two drought episodes (carbon re-
Amazonia is common to most climate models (Randall etleases of 1.6 and 2.2 PgC in 2005 and 2010, respectively)
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according to Lewis et al. (2011). These authors went so famospheric carbon with the cumulative fraction of emissions

as to suggest that the “era of intact Amazon forests bufferingsequestered by land by the year 2100 ranging from 10-20 %

the increase in atmospheric @®ay have passed”. Our sim- depending on scenario. The land is less effective in removing

ulations suggest that Amazonian forests react to a simulatedarbon from the atmosphere in these scenarios than was the

reduction in precipitation in a manner similar to the 2005 andcase during the historical period. The future latitudinal struc-

2010 drought years (Marengo et al., 2008, 2011) when thes&ure of atmosphere—land G®&ux is similar to that for the re-

forests were a net source of carbon. cent historical (1980-2005) period with mid- to high-latitude
CanESM2 results for the Amazonian region are also perti-regions gaining carbon from the atmosphere and tropical re-

nent to the question of the permanence of carbon sequestrgions near neutral or a weak carbon source. Different geo-

tion realized through a reduction in deforestation. Simulationgraphic land regions react differently to the changes in CO

results suggest that regardless of such efforts terrestrial cagnd climate associated with the RCP scenarios and this is

bon pools in the Amazonian region would remain vulnerablequantified by means of a “reactivity” measure for land car-

to the adverse effects of climate change. In addition, a lowbon. The future decrease in land carbon over the Amazonian

CO, pathway may not leave the region any better off, from region, which has received significant attention in the sci-

a carbon perspective, than a high £gathway. Possible fu-  entific literature, is notably similar across the three RCP sce-

ture carbon loss from the region has obvious implications fornarios despite their differences. By contrast, land carbon over

forest structure as well as for policy decisions that promotethe central African region displays a strong response to the

tropical afforestation programs. differences in C@ and climate change associated with the
Our results and those from other ESMs reported in Kovendifferent scenarios. These large-scale patterns of simulated

(2013) differ from two recent studies which investigate the atmosphere—land CQlux provide some insight into the pos-

effect of future climate change in the Amazonian region. sible ways in which the terrestrial biosphere is likely to re-

The Rammig et al. (2010) and Huntingford et al. (2013) spond to future changes in atmospheric &@Dd climate.

analyses suggest that it is unlikely the region will become

a source of atmospheric carbon. Rammig et al. (2010) use

the Lund—Potsdam-Jena managed land (LPJmL) terrestriaﬁcknowlt_edgementsThe au_thors would like to thanl_<John S_cinocca_

ecosystem model driven with adjusted data from a num_and Nadja Steiner for their (_:omments on an earller_ version of _thls

ber of climate models for the SRES-A1B scenario and findP2Pel- We are also appreciate comments from Kirsten Thonicke

. . nd the two reviewers that helped improved this paper.

that the region gains carbon from atmosphere when the eft

fect of CQz fertilizgt'ion. is gonsidered b}Jt the reverse IS Egited by: K. Thonicke

the case if CQ fertilization is not operating. Huntingford

et al. (2013) perform a similar analysis for the SRES-A2 The works published in this journal are distributed under the

scenario using the TRIFFID ecosystem model of the UK Creative Commons Attribution 3.0 License. This license does

Met Office and find that only one of their 22 simulations not affect the Crown copyright work, which is re-usable under

results in loss of carbon from the tropical forests of the the Open Government Licence (OGL). The Creative Commons

Americas. The carbon—climate feedback paramgierof Attribution 3.0 License and the OGL are interoperable and do not
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that of CTEM (the terrestrial carbon cycle component of _
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