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Abstract. Future climate change will have impact on global between carbon uptake through photosynthesis and release
and regional terrestrial carbon balances. The fate of Africarfrom decomposition of organic matter is sensitive to changes
tropical forests over the 21st century has been investigateth climate regime, such as increased aridity. Climate vari-
through global coupled climate carbon cycle model simu-ability and rising CQ have also an impact on tropical forest
lations. Under the SRES-A2 socio-economic £émis- biomass growth rates and mortality (Clark et al., 2003), and
sion scenario of the IPCC, and using the Institut Pierre Si-on CG emissions related to fire disturbances (Nepstad et al.,
mon Laplace coupled ocean-terrestrial carbon cycle and cli2004). There is a consensus among the coupled climate car-
mate model, IPSL-CM4-LOOP, we found that the warming bon cycle models to simulate a decrease of terrestrial carbon
over African ecosystems induces a reduction of net ecosystiptake in the tropics under future climate change (Friedling-
tem productivity, making a 38% contribution to the global stein etal., 2006, hereafter FO6). This decreased tropical land
climate-carbon cycle positive feedback. Most of this contri- uptake is a dominant contributor to the positive carbon cy-
bution comes from African grasslands, followed by African cle — climate feedbacks found in coupled models. Its causes
savannahs, African tropical forest contributing little to the have to be found in a combination of reduced photosynthe-
global climate-carbon feedback. However, the vulnerability sis due to a warming, generally combined with an increase
of the African rainforest ecosystem is quite large. In con-in soil aridity, as well as an increase in soil oxidation, due
trast, the Amazon forest, despite its lower vulnerability, hasto the warming. Some models also simulate a decrease of
a much larger overall contribution due to its 6 times larger forest density, and a gradual replacement by savannah type
extent. ecosystems.

On shorter time scales, such as the interannual variability,
recent studies also highlighted the dominant role of tropi-
. cal ecosystem in the control of atmospheric GfBowth rate
1 Introduction (e.g. Rodenbeck et al., 2003; Peylin et al., 2005; Baker et al.,

Coubled climat b le studies hiahliahted th | 2006). The El Nilo/Southern Oscillation (ENSO) climate
oupled climate carbon cycle studies highiighted the vu ner'variability induces large excursions in photosynthesis and/or
ability of the continental biosphere to human induced climate

) . ~decomposition and fires (Page et al., 2002) leading to anoma-
crantge (Ccﬁ et a:., ZOOO,tDufresne elt al., EOOZ)i I_n I?atrt'c'lous: CQ release from tropical ecosystems during Efdli
uartropicaf forest ecosystems may piay a key roie In ftliréq, o yg ang conversely to anomalous uptake during the cooler
changes in global carbon balance. These ecosystems re

. . . Bhd wetter La Nia episodes. However, the effect of drought
resent the largest reservoir of living biomass. The balancqn decreasing C uptake as simulated by all global models,

was recently challenged by field measurements showing lo-

Correspondence tcP. Friedlingstein cally more C uptake by tropical forests during the dry periods
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However, so far, within the tropical forest, most of the fo- Here we will shortly summarize the main performance of the
cus has been given to the Amazon basin (Cox et al., 2004model. The COU simulation leads to a global surface warm-
Betts et al., 2004; Huntingford et al., 2004). For example,ing of 3.7 K by 2100 and an atmospheric £€bncentration
the fate of the Amazon forest has been largely investigatedpf 807 ppm. The UNC simulation, with no climate change,
as this ecosystem show a very strong positive feedback, i.eleads to a C@concentration of 776 ppm, The difference, i.e.
carbon release, through its dieback in the Hadley Centre fu31 ppm, is due to a decrease of both land and ocean carbon
ture climate-carbon simulations (Cox et al., 2000, 2004).uptake under future climate conditions. The cumulated land
Also the Large-Scale Biosphere — Atmosphere Experimensinks decreases by 80 PgC while the ocean sinks decrease by
in Amazonia (LBA) programlfttp://Iba.inpa.gov.br/Igpro- 65 PgC between 1901 and 2100.
vided ecosystem and atmospheric data that were used by When compared to the other C4AMIP models, IPSL-CM4-
models in order to gain process understanding of the Amazoh OOP has a lower than the average climate carbon cycle
forest. Oppositely, very few studies focused on the Africanfeedback. The C®amplification, 31 ppm, translates in a
tropical forest and savannas biomes, their role in the globabain of 6%, where the C4MIP models show an average am-
present carbon cycle and its vulnerability to future climate plification of 85 ppm, that is, an average gain is 15%. This
change. low gain cannot be explained by the climate sensitivity of the
climate model as it is on the higher end of the C4MIP mod-
els. It is rather a direct result of the low sensitivity of the
land carbon cycle to the climate change (caljgedin F06).

In a companion paper (Ciais et al., 2008), we used the OR}/Ve definedy; as the difference in cumulated NEP in COU

CHIDEE global land ecosystem model (Krinner et al., 2005) and UNC (corrected by the effect of atmospheric diifer-

forced by the observed evolution of the climate of the 20th e between the two simulations), normalized by the sur-

. ; L : face temperature change between COU and UNC (see F06
century to investigate the present and historical African car- o . .
bon balance. Here, we used the same land surface mode?nd Friedlingstein et al., 2003 for details). In other worgs,

- describes the sensitivity of the land carbon cycle to warming.
ORCHIDE_E, buF embedded Wlthln.the Atmosphere Oceanm IPSL-CM4-LOOP, y, amounts to—20 PgC K-1, where
General circulation model of IPSL in order to simulate the : 1
: . the C4MIP models average is80 PgCK*. ORCHIDEE
past and future evolution of the climate and carbon cycle.

The IPSL-CM4-LOOP model couples the ocean-atmospheres"mmates a climate induced reduction of Net Ecosystem Pro-

general circulation model IPSL-CM4 (Dufresne et al., 2007)duct|V|ty (NEP.) n Fhe tropl_cs buF largely balanced by anin
reased NEP in mid and high latitudes ecosystems. This pos-
and the land and ocean carbon cycle models, ORCHIDEE_, ) o
: itive NEP response is partly due to a cold bias in the UNC
(Krinner et al., 2005) and PISCES (Aumont and Bopp, . ; .
2006) climate of the model in these regions.

Following the coupled climate carbon cycle model inter- Over Africa, the model simulates a regional warming by

comparison project (CAMIP) protocol described in FO, Wethe end of the 21st century. This warming amounts to 3K

) ; . in the Congo basin, but reaches 6 K in South Africa and in
performed two climate-carbon coupled simulations (UNC northern Sahel (Fig. 1). The associated change in precipi-
and COU) over the 1860-2100 period. In both experi- 9- 4 9 precip

ments, CQ emissions are prescribed from historical data fortatlon is an increase in precipitation around the equator (up

to 300 mmyr1; +20%) and a reduction in precipitation out-

1860-2000 (Marland et al., 2005; Houghton and Hackler, . T )
2002) and from the SRES-A2 scenario for the 21st centurys'd(? of thg tropical belt (!Jp to 100 mmji‘r) (Fig. 1?‘ The _
2, B, regions with more warming also experience drying, while
(Nakicenovt, et al., 2000). The other greenhouse gas con- _~. . . .
i . . regions (Central Africa) which warm moderately experience
centrations are set to pre-industrial values. Land cover was

. . . ! . wetter conditions in the future. These results are consistent
prescribed in all simulations. COU and UNC differ because_ . :
; . - . with the ones obtained by the IPCC 4th Assessment Report
in UNC, CG; is treated as a non-radiatively active gas, so

that the carbon cycle experiences no @educed climate climate models for the SRES-A2 scenario (see Fig. 11.2 of
' oY P ) IPCC Working Group 1, 4th Assessment Report, Christensen
change. The difference between these two runs defines the o ! o
. .~ "6t al.,, 2007). This climate change pattern is rather similar
climate carbon cycle feedback. We note that the UNC simu- " .
. o . o to the conditions of a permanent Elfidi episode over the
lation does still simulate a moderate warming. This is due to, . . -
) . . s African continent (see Ciais et al., 2010).
the stomatal response to increasing atmospherig, @GQich . .
. ; When looking at the carbon cycle, the Gross Primary Pro-
leads to a shift from latent to sensible heat release from the, . . .
ductivity (GPP) of the COU coupled run increases every-
surface, as reported before (e.g. Sellers et al., 1996). . . .
where across Africa, the largest increase being, as could
be expected, in the already most productive regions of the
3 Results African rainforest (Fig. 2). Overall GPP increases from
25PgCyr! at pre-industrial up to 40 PgCyt+ by 2100.
The global results of the IPSL-CM4-LOOP model have beenAcross the tropical rainforest ecosystem, this increase is a es-
described in previous papers (F06, Cadule et al., 2010)sentially driven by a GPP enhancement by atmospherig CO

2 Methodology
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Fig. 1. Climate change (2090s relative to 1860s) simulated with T - o -
the IPSL-CM4-LOOP coupled model over Africa. Left panelis % ¢ ;
for surface temperature chang€y, right panel is for precipitation & o ' <
changes (mmyrl). - T / - a‘ ¥
, =
(fertilization). Climate change has a small negative impact ( w )--f} -
on the GPP of the African continent. Indeed, when look- ‘ S W =
ing at the difference between the coupled and the uncouplec - -
runs, which allow to isolate the climate effect of the carbon
cycle, we find a reduction of GPP over Africal PgCyr1). [ N |

. . . . . A - . <- -150 - -5l - = 50 100 150 =200
This climate induced change in GPP varies widely within 200 RN 80 e A e

Afrlca_n ecosystems. The ORCHIDEE model uses f?‘ Plami:ig. 2. Carbon fluxes change (2090s relative to 1860s) from IPSL-
Functional Type (PFT) approach to represent the dlfferemCM4-LOOP coupled simulation (COU) over Africa. Top left panel

types of ecosystems. In ordgr to further anfalyze the modejs for Gross Primary Productivity, top right panel is for Net Pri-
results we separate the contribution from African forests (dexmary productivity, bottom left panel is for Heterotrophic Respi-

fined as the model grid cells where the tree PFTs fraction igation, and bottom right is for Net Ecosystem Productivity (all in
above 0.66), African savannahs (tree PFTs fraction betweegC m—2yr—1). Note that first three quantities have to be multiplied
0.33 and 0.66) and African grasslands (tree PFTs fractiorby 10.
below 0.33). Doing so, we estimate that forests show a 5%
increase in GPP, savannahs show no significant changes and
grasslands show a 10% decrease in GPP (Fig. 3). Although A cumulated release of 57 PgC to the atmosphere would
we do not focus on cropland here, as there representation itranslate into an increase in concentration of about 12 ppmy,
the model is quite crude; they do also show a decrease afissuming an airborne fraction of 0.45. The African carbon
GPP. response to climate change represents then about 38% of the
Net carbon exchange (NEP) is reduced when climateglobal feedback of the IPSL-CM4-LOOP model (31 ppm).
change is taken into account (Fig. 3). The total African NEPWhen looking at dominant natural biomes (defined here at
cumulated over 1860-2100 amounts to 72 PgC in the COUropical forest, savannahs and grasslands) the model simu-
run while it reaches 129 PgC in UNC (Fig. 4). The NEP re- late a carbon loss from all biomes (Fig. 4). The contribution
duction is much larger than the one of GPP because of a corfrom the African tropical forest alone is only 4 PgC, which
comitant increase of total respiration under climate changetranslates into about 1 ppm, i.e. as very small contribution to
Autotrophic and especially heterotrophic respiration showsthe global feedback. African savannahs contribute to 18 PgC
an important increase due to the regional warming (Fig. 3). (4 ppm) and natural grasslands have the largest share, 34 PgC
In term of reservoirs, total living biomass increases over(7 ppm) (Table 1).
the 1860-2100 period in Africa, largely thanks to theCO  we note that the relative climate-carbon feedbacks are not
fertilization of productivity. Total biomass increases from simply additive as some regions, such as the high latitudes of
60 to 115PgC in the uncoupled simulation. Climate changethe Northern Hemisphere have a negative contribution to the
tends to reduce that increase but only marginat® £gC).  overall positive feedback.
The soil carbon response to climate change is much larger. ajsq the relative contributions of the African biomes

The large increase in heterotrophic respiration leads 10 a sollp 14 pe weighted by their spatial coverage. Grasslands are
carbon loss of 54 PgC (in simulation COU relative to simu- py ¢4y the most dominant natural biome in Africa, followed

lation UNC). by savannahs, and by forest. In order to better compare the
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GPP change (gC/m2/yr) NPP change (gC/m2/yr) @ (b)
r‘. = zw—-’ - 180. 1 — Uncoupled [ 60. 1 — Uncoupled r
) : f "T\S . < — Coupled F | — Coupled L
X \ o
=, 120-4 F 40, 1 L
g ] L i L
& ©0 7 - 20, —//f
2 L i L
0. + r 0. r
1860 ‘ 19‘20 ‘ 19‘80 ‘ 20‘40 ‘ 2100 1860 ‘ 19‘20 ‘ 19‘80 ‘ 20‘40 ‘ 2100
(c) (d)
60. 1 — Uncoupled r 60. 4 — Uncoupled -
— | — Coupled L | — Coupled L
o
HR change (gC/m2/yr) e ] | *0. ] |
.l W I e 5] N :
0. r 0. r
‘1\ ")_, 2 1860 ‘ 19‘20 ‘ 19‘80 ‘ 20‘40 ‘ 2100 1860 ‘ 19‘20 ‘ 19‘80 ‘ 20‘40 ‘ 2100
N . . Year Year
\\m - . i . .
T, Fig. 4. Time evolution of cumulated change in NEP from IPSL-
= -{ x| CM4-LOOP coupled (in black) and uncoupled (in red) simulations
: g = over (a) the Africa continent,(b) the African rainforest,(c) the
-y African savannah, an(l) the African grasslands. Units are PgC.

Biomass change (x 10 gC/m2) Soil C change (x 10 gC/m2)
o - . Doing so, we estimate that African forest and savannahs
' Y ' N have very similary;, —950gC nmm2K~1 and —980 gC nt?2
K~1 respectively, while African grasslands are much more

h‘_.w o .“‘ - resilient, with ap; of —290gCnT2K~1 only. The large
B = P contribution of African grasslands to the overall positive
) “em K ] feedback comes from the larger spatial coverage of that
{ - 4 g} biome, despite its lower area specific vulnerability.
. =

4 Discussion

[ . | — I . . .
S AT _'su o Mo i 3|0 j; At 450 S35 Doing a similar calculation of the carbon loss from the Ama-

zon forest shows that in the IPSL-CM4-LOOP model, the
Fig. 3. Climate induced change in carbon fluxes and stocks (2090sfAmazon forest gives a much larger contribution than the
from IPSL-CM4-LOOP calculated as the difference between theAfrican rain forest, 15PgC reduction of 1860-2100 cumu-
coupled (COU) and the uncoupled (UNC) simulations over Africa. lated NEP in COU relative to UNC (Fig. 5). Again, this
Top left panel is for Gross Primary Productivity, top right panel is larger contribution comes from the area of the domain con-
for Net Primary productivity, middle left panel is for Heterotrophic sidered. The area of the Amazon basin is four times larger
Respiration, and middle right is for Net Ecosystem Productivity (all than the African rainforest basin. Also, in the Amazon, the
ingCm2yr~1). Bottom left panel is for carbon stored in biomass, ¢arhon loss is largely driven by the reduction of GPP due to
and bottom right is for carbon stored in litter and soil (b0th In e increased aridity. A climatic pattern sometimes referred
gCm <). Note that last two quantities have to be multiplied by “ o . . .
10, as a “perpetual El Nio”. In Africa, during such “perpetual

El Nifio” the precipitation pattern is drastically different with

an enhancement of precipitation over tropical rain forest and
respective climate vulnerability of these three biomes, we dea reduction over already more arid regions (north equatorial
fine here an area specific land carbon vulnerability to climateand southern African savannas). In the African rainforest, as

(in gCm2K~1)7., which is the standarg; (in PgC/K) di- explained above, the carbon loss only comes then from an
vided by the area of the considered domain. enhanced respiration due to the warming trend.
We also estimate the area specific carbon vulner-
ability to climate, y, for the Amazon forest. It

amounts t0—640gCm2K~1, a value actually slightly

Biogeosciences, 7, 51849 2010 www.biogeosciences.net/7/513/2010/
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Table 1. Change in Net Ecosystem Productivity and associated area specific carbon vulnerability over Africa, African forest, savannah and
grasslands and Amazon tropical forest.

Cumulated Cumulated Climate
NEP Coupled NEP Uncoupled induced NEP VL
run (PgC) run (PgC) reduction (PgC) (gCHK—1)
Africa 72 129 57 —-600
African rainforest 20 24 4 —950
African savannah 25 43 18 —980
African grassland 28 62 34 — 290
Amazon rainforest 41 56 15 —640
(a) Temperature change (°C) Precipitation change ( mm/yr)

Il Il Il Il Il Il Il

60. 1 — Uncoupled r
— Coupled

20. A//k
0. + -
T T T T T T T

1860 1920 1980 2040 2100

NEP (Pg C)

<332535375 4 5 6 >T <-200 -100 -50 -20 20 50 100" >200

(b)
_ Fig. 6. Climate change (2090s relative to 1860s) simulated by the
60. | — Uncoupled = HadCM3-LC climate model. As in Fig. 1, left panel is for surface
- | — Coupled L temperature chang€Q), right panel is for precipitation changes
‘; 20. | | (mmyr 1.
S . L
a — = .. . .
- 20. stronger than IPSL precipitation reduction over the Ama-
i i zon rainforest, associated with a twice as larger warming
01 i (Fig. 6). For African rainforest basin both models simulate

1860 ! ngzo ! ngso ! 20‘40 ! 5100 similar changes in temperature and .precipitation. Land re-
sponse would then be dramatically different for the Amazon
Year basin, while being comparable for the African rainforest.
Also, the modeling framework used here has some im-
portant limitations in term of process representation. Ni-
trogen cycle and its impact on terrestrial carbon cycle were
not accounted for here. A recent study with a nitrogen en-
) ) abled version of ORCHIDEE (Zaehle et al., 2010) shows that
less negatlvg th‘i” the one obtained for the Amazon foresfiyoqen limitation reduces COfertilization but increases
(—950gCnT=K™) (Table 1). Again, the larger contribu- ooy nthesis under global warming, although these effects
tion of the Amazon forest to the global climate carbon feed- . mainly active in the mid and high latitudes, and would
back is entirely driven by its larger spatial extension, not by ot gramatically affect our results over Africa. Natural fires
its specific vulnerability. were accounted here, but with a relatively simple global fire
It should be noted that these results are directly depenmodel. More elaborate fire models are being developed now
dent on the climate change simulated by the climate modeland the response of fires to climate variability and trends (e.g.
Although changes in temperature are relatively robust at the/anderWwerf et al., 2004; Golding and Betts, 2008) imply that
regional scale, including in the tropics, the same does nofjres are certainly important players in the future carbon bud-
hold for changes in precipitations (Christensen et al., 2001)get of the tropics.
For example, the Hadley Centre model simulates a mush

Fig. 5. As Fig. 4 for(a) the African rainforest, antb) the Amazon
basin. Units are PgC.
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5 Conclusions S., Masarie, K., Prather, M., Pak, B., Taguchi, S., and Zhu,
Z.: TransCom 3 inversion intercomparison: Impact of trans-
Tropical ecosystems will be put at risk over the coming cen- port model errors on the interannual variability of regional CO
tury, due to climate change, but also due to the direct an- 2 fluxes, 1988-2003, Global Biogeochem. Cy., 20, GB1002,
thropogenic pressure, through deforestation (not accounted doi:10.1029/2004GB002439, 2006.

for in this study). In the coupled carbon climate simula- Bétts, R. A., Cox, P. M., Collins, M., Harris, P. P., Huntingford,
tions that we analyzed, the African continent would gain G- @nd Jones, C. D.: The role of ecosystem-atmosphere interac-
carbon by the end of the 21st century (relative to preindus- tions in simulated Amazonian precipitation decrease and forest

. e - dieback under global climate warming, Theor. Appl. Climatol.,
trial, thanks to the fertilization effect from the atmospheric 78, 157-175, 2004.

CO, increase. However, the associated climate change tend§ona| D. Bosc. A.. Ponton. S.. Goret. J.-Y.. Burban. B.. Gross. P.
to reduce this African storage by 25%, from 129PgC to  Bonnefond, J.-M., Elbers, J., Longdoz, B., Epron, D., Guehl, J.-

72PgC. The African continent is hence an active player of ., and Granier, A.: Impact of severe dry season on net ecosys-

the climate-carbon cycle positive feedback, with a contribu-
tion of about 38% of the global feedback of the IPSL-CM4-
LOOP model.

Although usually pointed as the major carbon source,
South America tropical forests have a lower contribution
than the African savannahs or African grasslands. How-
ever, when looking at the tropical rain forest ecosystem
alone, although their specific vulnerability is slightly larger
for African forests, the overall contribution from Africa is
much lower than the one from South America because of
its much smaller area. Altogether, more than 50% of the
feedback comes from Africa and South America in the IPSL-
CM4-LOOP simulations. Finally, we note that there is still a
large uncertainty in the climate response of African vs. Ama-
zon rainforests due to the uncertainty of climate projections,
especially the hydrological cycle at the regional scale.

tem exchange in the Neotropical rainforest of French Guiana,
Glob. Change Biol., 14, 1917-1933, 2008.
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