Earth Syst. Dynam., 2, 587 2011 7N

www.earth-syst-dynam.net/2/53/2011/ GG Earth SySt_em
doi:10.5194/esd-2-53-2011 Dynamics
© Author(s) 2011. CC Attribution 3.0 License. -

Role of volcanic forcing on future global carbon cycle

J. F. Tjiputra 3 and O. H. Otter&?3

1Geophysical Institute, University of Bergen, Bergen, Norway
2Uni Bjerknes Centre, Uni Research, Bergen, Norway
3Bjerknes Centre for Climate Research, Bergen, Norway

Received: 8 February 2011 — Published in Earth Syst. Dynam. Discuss.: 16 February 2011
Revised: 6 June 2011 — Accepted: 6 June 2011 — Published: 16 June 2011

Abstract. Using a fully coupled global climate-carbon cycle shows that even in the relatively extreme scenario where
model, we assess the potential role of volcanic eruptions oarge volcanic eruptions occur every five-years period, the
future projection of climate change and its associated carboimduced cooling leads to a reduction of 46 ppmv atmospheric
cycle feedback. The volcanic-like forcings are applied to- CO, concentration as compared to the reference projection
gether with a business-as-usual IPCC-A2 carbon emissionsf 878 ppmv, at the end of the 21st century.

scenario. We show that very large volcanic eruptions sim-
ilar to Tambora lead to short-term substantial global cool-
ing. However, over a long period, smaller eruptions sim- 4
ilar to Pinatubo in amplitude, but set to occur frequently,

would have a stronger impact on future climate change. In &yture climate change is expected to vary considerably ac-
scenario where the volcanic external forcings are prescribe@ording to the rate of anthropogenic carbon emissions and
with a five-year frequency, the induced cooling immediately yptake by both the ocean and the terrestrial biosphere. Earth
lower the global temperature by more than one degree besystem models, which contain interactions between the at-
fore it returns to the Warming trend. Therefore, the climate mospheric and oceanic physics Coup|ed with the g|0ba| car-
change is approximately delayed by several decades, angon cycle, are useful tools for predicting how future climate
by the end of the 21st century, the warming is still below ould evolve under a given anthropogenic greenhouse gas
two degrees when compared to the present day period. OWmission scenario. Recent studies using such models have in-
climate-carbon feedback analysis shows that future volcanigicated that future climate change will reduce the efficiency
eruptions induce positive feedbacks (i.e., more carbon sinkhpf the Earth system to absorb the emitted anthropogenic car-
on both the terrestrial and oceanic carbon cycle. The feedpon, and would hence provide a positive feedbaaieglling-
back signal on the ocean is consistently smaller than the terstein et al. 2006 Crueger et a).2008 Tijiputra et al, 2010.
restrial counterpart and the feedback strength is proportionThose studies, however, did not take into account not yet pre-
ally related to the frequency of the volcanic eruption events.gjctable factors such as volcanic eruptions or similar external
The cooler climate reduces the terrestrial heterotrophic resforcings.

piration in the northern high latitude and increases net pri- \plcanic forcing is well known to induce negative radia-
mary production in the tropics, which contributes to more tive forcing following the eruption eventdHénsen et aJ.
than 45 % increase in accumulated carbon uptake over land.ggg Gregory 2010. Recent studies have also empha-
The increased solubility of Cfgas in seawater associated sjzed the crucial role of volcanic eruptions in controlling the
with cooler SST is offset by a reduced g@artial pressure  global climate variability in the pasStenchikov et aj 2009
gradient between the ocean and the atmosphere, which restte et al, 2010. Explosive volcanic eruptions inject a
sults in small changes in net ocean carbon uptake. Similarly;arge amount of different types of particles and gases into
there is nearly no change in the seawater buffer capacity simghe stratosphere, such as ash, water vapou®jHcarbon
ulated between the different volcanic scenarios. Our studygioxide (CQ), and sulfur dioxide (S@. Most of the ash

will be washed out of the troposphere quite rapidly, on time
scales of minutes to a few weeks. Gases such#3 &hd

Correspondence tal. F. Tjiputra CO;, are important greenhouse gases, but their atmospheric
BY (i061@uib.no) concentrations are so large that individual eruptions have a

Published by Copernicus Publications on behalf of the European Geosciences Union.

Introduction



http://creativecommons.org/licenses/by/3.0/

54 J. F. Tjiputra and O. H. Ottar Volcanic eruptions and carbon cycle

minimal effect upon the overall concentrations and thus, dothe short-term climate variability (e.g., volcanic eruptions)
not directly impact the greenhouse effect. that is not detected from the proxy record, as also shown in

The most important climatic effect of explosive volcanic Gerber et al(2003. A study byFrolicher et al.(201)) in-
eruptions is through the emission of sulphur species, mosthdicates that short term volcanic forcings, depending on the
as SQ@, into the stratosphere. The $@ rapidly converted forcing magnitude, plays an important role in altering the
into sulphuric acid, which in turn condenses into aerosols.carbon cycle-climate sensitivity. They demonstrate that the
These volcanic aerosols are then spread around the globe lghange in atmospheric G@er unit change in global mean
atmospheric circulation and produce aerosol clouds that scasurface temperature decreases with increasing magnitude of
ter more incoming solar radiation back to the space, resultinghe volcanic perturbation. For the historical period over the
in cooler surface temperatures. In addition, volcanic aerosolpast few decades, other studies has also stated and empha-
also absorb both solar and terrestrial radiation, which heat theized the important roles of volcanic forcings in influencing
stratosphereRobock 2000. The resulting perturbation to the observed variability of the air-sea, air-land £iuxes,
the Earth’s radiative balance, in turn, alters the atmospheri@and the airborne fraction of anthropogenic £€missions
circulation and other climate parameters. However, the largdlLe Queré et al, 2009 Gloor et al, 2010 Sarmiento et a).
reduction in direct short-wave radiation reaching the surface2010. This change in trends and variability could, in turn,
is the primary response of the volcanic aerosols resulting irfurther implicate and contribute to the uncertainties of the
a net surface and global cooling. climate carbon cycle feedbacks, which is suggested to be an

Sulfate aerosols resulting from strong volcanic explosionsimportant element for the future model projectioheghl et
last for 3—5 years in the lower stratosphere. Therefore, ital., 2007). For the reasons mentioned above, it is therefore
has traditionally been believed that volcanic impacts producenecessary to better understand the role of potential future vol-
mainly short-term, transient climate perturbations. However,canic forcings on the global carbon cycle to better interpret
the ocean integrates volcanic radiative cooling and respondany uncertainties associated with future climate and carbon
over a wide range of time scales. Some recent model studeycle projections.
ies indicate that very large eruptions or a clustering of major Even though it is well established that volcanic forcings
eruptions may represent a substantial climate forcing oveis important for the climate-carbon cycle sensitivity, most
decadal to multi-decadal time scal&ténchikov et a) 2009 studies have so far focused only on analysing this sensi-
Otterd et al, 2010. In these studies key variables in the tivity for the historical periods (e.gBrovkin et al, 201Q
Atlantic climate system, such as sea ice and the ocean cirFrolicher et al, 2011). Our study, to the authors’ best knowl-
culation are found to be quite sensitive to volcanic forcing. edge, represents the first attempt to assess the role of vol-
The associated processes, especially ocean heat uptake, plegnic forcings on the future carbon cycle and its respective
a key role in ongoing climate change. An improved assessfeedback strength to the climate by using a comprehensive
ment of possible long-term climate effects of volcanic erup- coupled climate-carbon cycle model. Here, we focus on
tions is therefore important in order to put the ongoing cli- understanding the role of pulse-like volcanic forcings un-
mate change into a proper context. der the business-as-usual, IPCC SRES-A2 future 80is-

By perturbing the climate system, volcanic eruption will sions scenario. We apply the future emissions scenario into
alter the global carbon cycle as well. Studies$grmiento  the Bergen Earth system model (BCM-C), which consists
(1993 andJones and Co200]) show a measurable change of a fully interactive climate model coupled with interactive
in the atmospheric COconcentration growth rate follow- oceanic and terrestrial carbon cycle models. In addition to
ing the 1991 Mount Pinatubo eruption, which cannot be ex-the reference run, three simulations adopting different future
plained by the changes in anthropogenic carbon emissiongolcanic eruption scenarios are performed to better under-
alone. A further study byousquet et al(2000 indicates  stand the role of magnitude and frequency of the eruption
an additional carbon sink of about 2 Pg C in response to theevents. The spatial and temporal perturbation of the temper-
Pinatubo eruption. These changes are dominated by changesure and precipitation after the volcanic eruptions event are
in the terrestrial carbon uptake predominantly due to the re-analyzed together with changes in sea-air and land-air carbon
duction in soil remineralization as a result of high latitude fluxes. Regional change in carbon inventory in both land and
cooling following the eruption event. ocean reservoirs projected in the future are also assessed.

In addition to the short term change in the terrestrial and In addition to the above motivation, due to the counter-
oceanic carbon balance, the climate perturbation introducedcting effect of volcanic eruptions on anthropogenic climate
by the volcanic forcings can also have a long term impactchange and atmospheric @€oncentration, several geoengi-
on the global carbon cycle, which introduce an additional neering options for climate change mitigation mimicking the
feedback to the climate system. For example, in their probavolcanic eruptions have been recently proposed and stud-
bilistic study coupled with an ensemble of proxy dd&enk ied (e.g.,Crutzen 2006 Wigley, 2006 Rasch et a).2008
et al. (2010 show a broad distribution of the climate sen- Robock et al. 2008 201Q Jones et al.2009 Royal Soci-
sitivity of the global carbon cycle over the preindustrial pe- ety, 2009 Moore et al, 2010. However, the impact and
riod. This large uncertainty is, to some extent, attributed tofeedback of such large-scale geoengineering schemes on the
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Earth system remain poorly understood. A more detailedatmospheric boundary condition to the model where the op-
assessment is therefore needed before one could even cotieal properties of the atmospheric aerosols is modified ac-
sider the method as promising or would have to reject it.cording to the different magnitude and frequencies of vol-
Earth system models, such as the BCM-C, offer the idealcanic eruption. The volcanic aerosol time series is supplied
laboratory to perform such sulfur injection schemes in a con-as monthly optical depths at 0.55 microns, in the middle of
trolled environment, and systematically assess potential imthe visible spectrumGrowley et al, 2003. The forcing were
pacts on climate and environment. Therefore, this study willapplied as quarterspheric (38—90° N, 0-3C N, 30° S-0,
also improve our understanding how the Earth system, par9(®° S-30 S) monthly values, and distributed in each model
ticularly how the global carbon cycle may be influenced by level in the stratospheréfted, 2008. The volcanic mass
stratospheric sulphur injection type geoengineering mitiga-of the stratospheric aerosols are calculated at each grid point
tion. and model level in the stratosphere by dividing the total
The paper is organized as follows: the next section will aerosol concentration by the total air mass of all stratospheric
describe the model and experiment design adopted in thifevels at that grid point.
study. The third section will discuss our experiment results The atmosphere model ARPEGE (i.e., the atmospheric
in regards to the global climate sensitivity and changes tocomponent of the BCM-C) is able to reproduce many of the
the terrestrial and oceanic carbon cycles. The final sectiombserved features after the Mount Pinatubo erupi@iteg,
includes a discussion and a summary of the paper. 2008. Both the simulated short-wave and long-wave reduc-
tions as well as the general global cooling after the erup-
tion compares favourably with observations. In addition,

2 Method the observed winter warming pattern over NH land is well
captured. This winter warming was caused by an anoma-
2.1 Model description lously positive phase of the Arctic Oscillation (AO) associ-

ated with the enhanced Equator-to-pole temperature gradient
The Bergen Earth system model (BCM-C) used in this studyin the stratosphere that developed due to aerosol heating of
is an updated version of the Bergen Climate Model (BCM,; the tropics. Similarly, the opposite summer cooling observed
Furevik et al, 2003 coupled with terrestrial and oceanic car- is also produced by the model. Finally, a strong response of
bon cycle models. The atmospheric component is ARPEGEthe AO/NAO to historical volcanic forcing in BCM (i.e. in
Climat version 3 with a truncation at wave number 63 (TL63) coupled mode) has been further confirmed in a long transient
and 1800s time step. A total of 31 vertical levels, ranging simulation of the last 600 year®fte et al, 2010).
from the surface to 0.01 hPa are employed. The current ver-
sion differs from the original BCM in that the vertical dif- 2.2 Experiment design
fusion scheme has been updated to that of ARPEGE-Climat
version 4 Qtter et al, 2009. The ocean component is a To validate the model capacity in simulating the expected
modified version of MICOM Bleck and Smith199Q Bleck changes associated to the volcanic forcing perturbation, we
et al, 1992 Bentsen et a]2004), an isopycnic ocean GCM. performed two historical period simulations (1989-2001).
It has approximately 2%4x 2.4° horizontal resolution with  In the first simulation, the model is forced only by the ob-
34 isopycnic vertical layers. The model adopts a single nonserved CQ emissions (the same with experiment REF de-
isopycnic surface mixed layer, which provides the linkage scribed below), whereas the second simulation includes the
between the atmospheric forcing and the ocean interior. Thdinatubo eruption forcing introduced in the year 1991. The
ocean carbon cycle model is the Hamburg oceanic carborl991 Mount Pinatubo eruption forcing is taken from histori-
cycle (HAMOCCS5) model Maier-Reimer et a).2005. The  cal data set o€rowley et al(2003.
HAMOCCS5 model simulates carbon chemistry and includes Next, a total of four future scenario model simulations are
an NPZD-type (nutrient, phytoplankton, zooplankton, andperformed with the BCM-C model. Note that prior to all
detritus) ecosystem model. The terrestrial carbon model isnodel simulations, the model has been spun up for more than
the Lund-Potsdam-Jena (LPJ) mod&i¢h et al, 2003. The 1000-years based on constant preindustrial atmospheric CO
LPJ is a large-scale dynamic vegetation model and containsoncentration of 284.7 ppmv. Afterwards, the fully coupled
10 plant functional types. A more detailed description of the model is simulated from year 1850 to 2019 forced only by
BCM-C model and its evaluation are availableTiiiputra et prescribed historical and the SRES-A2 £€mission time
al. (2010. series Marland et al, 2005 Houghton and Hackle2002.

In all simulations, the BCM-C is interactively coupled The model is then branched out into four separate simula-
with the carbon cycle modules with no flux adjustments tions, while still prescribing the A2 emissions scenario to-
applied. In order to simulate volcanic eruptions, sulphurward the end of the 21st century.
aerosols are injected directly into the stratosphere. Note that In the first branch, no external forcing is applied, hence it
the model does not have an interactive aerosol scheme. Thuserves as a reference simulation, REF. Next, we select two
for each volcanic scenario experiment, we applied differenthistorical volcanic eruptions from the volcanic forcing data
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Fig. 1. Mean global change in aerosol loading (optical depth
at 0.55um) applied to simulate the volcanic forcings in the
GEO.TAM25, GEQOPIN25, and GECPIN5 experiments.

set of Crowley et al.(2003 and construct three alternative
scenarios based on different magnitudes and frequencies. In
the second branch, a volcanic eruption corresponding to the
Tambora 1815 historical eruption is applied in 25-year in-
tervals, starting from year 2025, GETAM25. In the third
branch a relatively weaker magnitude of volcanic eruption
corresponding to the 1991 Mount Pinatubo eruption is ap-
plied, also in 25-year intervals from year 2025, GIPON25.
Finally, in the fourth branch, the Pinatubo-like volcanic erup-
tions are applied again, but with higher frequency of 5-year
intervals, starting from year 2020, GE@INS. Figurel il-
lustrates the modification in the aerosol loading applied in
experiments GEOQAM25, GEO.PIN25, and GECPINS5,
shown as change in monthly optical depths at 0.55 microns,
in the middle of the visible spectrum. Taldlsummarizes the
descriptions of all three model simulations together with the
integrated change in optical depth (aerosol loadings) added
into each volcanic scenario. This change in aerosol opti-
cal depth properties, in turn, alters the incoming short-wave
(SW) and emitted long-wave (LW) radiative fluxes at the top
of the atmosphere simulated by the atmospheric model in the
BCM-C model.

Note that natural volcanic eruptions also release green-
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Fig. 2. Time series of global mean surface temperature, atmospheric
CO, concentration, terrestrial and oceanic carbon uptake for the

amounts compared to the associated concentratlops In thf989—2001 period. Shown here are two simulations, with (red lines)
current atmosphere. Thus, only sulfur aerosols are includedq without (blue lines) the 1991 Mount Pinatubo eruption.

in this study. The BCM-C future projection and climate-

carbon cycle feedback under the SRES-A2 have been evalu-

ated and is well within the range of other moddisi¢dling-
stein et al.200§ Tjiputra et al, 2010.

3 Results

For the present day simulation, F@shows that the model

CO, concentration is also reduced by as much as 4.95 ppmv
relative to the simulation with no Pinatubo in the years af-
ter the eruptions. Note that the dominant increasing trend of
atmospheric C@concentration in the 1990s period persists,
as shown in Fig2. The reduction in the atmospheric ¢O

is predominantly associated to the stronger terrestrial carbon
uptake immediately following the Pinatubo eruption. The

simulates a reduction in the global surface temperature folchange in oceanic carbon uptake signals is less pronounced,
lowing the 1991 Pinatubo eruptions, which lasts for somewith a slight increase in the beginning followed by less car-
years before returning to the reference value (i.e., as the rubon uptake periods as compared to the simulation without
without the Pinatubo eruption). In addition to the aerosol-the Pinatubo eruption. This less oceanic carbon uptake is
associated atmospheric cooling, the simulated atmospheriattributed to the smaller atmospheric-ocean,@tadient as

Earth Syst. Dynam., 2, 58%, 2011
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Table 1. List of the performed experiments with the period of integrations; €@issions, volcanic frequencies, and the integrated change
in aerosol optical depth for each volcanic scenario.

Experiment Period Ceemissions Volcanic frequency  Aerosol loading
REF 1850-2099 Historical, IPCC-A2  none none
HIST_PIN 1989-2001 Historical once (1991) 3.6410
GEOTAM25 2020-2099 IPCC-A2 25-year (from 2025) 18.4819
GEOPIN25  2020-2099 IPCC-A2 25-year (from 2025) 10.9229
GEO.PIN5 2020-2099 IPCC-A2 5-year (from 2020)  54.7848

Change in vegetation carbon content yr 2001 [kg C m'z]
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Fig. 3. Regional change in (top) vegetation and (bottom) soil carbon content due to the Mount Pinatubo eruptions computed at year 2001.

a result of stronger terrestrial carbon uptake. The simulated In the future scenario simulations, the volcanic forcing
changes in temperature, atmospherig@0ncentration, and  induces cooler surface temperatures immediately following
carbon uptakes are broadly consistent with earlier studieshe perturbation. The largest cooling is simulated over high
(Sarmientp 1993 Bousquet et a].200Q Lucht et al, 2002 latitudes, particularly the Northern Hemisphere, which re-
Angert et al, 2004. The increase in terrestrial carbon up- sults in an enhanced pole-to-equator temperature gradient. In
take in our model is dominated by the reduction in the het-GEO_TAM25, the volcanic forcings induce an average of ap-
erotrophic respiration due to cooler climate. This is shownproximately one degree cooling in the simulated global mean
by the increase in high latitude soil carbon content simulatedsurface temperature immediately follow the eruption events.
at year 2001, ten years after the Pinatubo eruption, as showSimilar cooling patterns, which are followed by rapid warm-
in Fig. 3. However, the change in vegetation carbon is moreing, are also generated in the sea surface temperature. Fig-
complicated, with opposite signals (increase and reductionure4 shows that the cooling effect in GEDAM25 only lasts
occurring in both low latitude and high latitude regions. for a few years before the air and SST temperatures return to
the expected warming trends as seen in REF.

www.earth-syst-dynam.net/2/53/2011/ Earth Syst. Dynam., 52011
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As expected, the simulated short-term cooling effect is

weaker in GEQPIN25 than in GEOTAM25. However, ‘% 18 ~ ~ ~ ~
when the frequency of volcanic forcings is increased, 35 (@)
GEOPINS5, the short-term cooling associated with the first 16} M
few volcanic events accumulate and the overall persisted g— 14 o T X vV ' |
warming trend is delayed by several decades. Figuakso 2 v
shows that the warming rate in GE@IN5 is not as sharp as |E

N

12 : : : :
in the REF with the simulated global air temperature being 2000 2020 2040 2060 2080 2100

approximately one degree lower.

Similar to the temperature, the global mean precipita- 21 ) ' ' ' '
tion also undergoes changes. As a result of a reduction in & 20} : 1
incoming SW radiation, the model simulates global reduc- —
i H H H = 19 A |74 E
tions in evaporation and atmospheric water vapor content V4
(not shown), thus decreasing the global precipitation. Similar 18}

to the temperature signals, the short-term reduction in global
precipitation is strongest in the GETAM25 run. Interest-

ingly, by the end of the 21st century, GBIN5 simulates 5
relatively small changes in global precipitation relative to the ¢
period before the volcanic forcings are introduced (i.e., year £
2019), despite the fact that considerable changes in SST ant §
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—

-

air temperature are predicted. Figdralso illustrates that in g

GEO.TAM25, GEOPIN25, and GECPIN5S the Arctic sea g

. . . g . . _ o) 3 L L REF

ice extent and the Atlantic Meridional Overturning Circu £ 2000 2020 2040 2100
lation (AMOC) are expected to decrease toward the end of » GEO_TAM25

the experiment period, closely following the REF simulation. x 10 GEO_PIN25

Again, the GEQPIN5 simulates the least reduction by the GEO_PIN5

end of the experiment period.

With regards to the global carbon cycle, there are notice-
able increases in both the oceanic and terrestrial carbon up -
takes following the volcanic events in GETAM25 as com- :
pared to the REF. Nevertheless, REF, GE&AM25, and
GEO_PIN25 all project virtually the same atmospheric £0
concentration by the end of the 21st century (Bjg Figure5
also indicates that the volcanic-like forcings induce tempo-
rary increases in oceanic and terrestrial carbon uptakes, witr
the land uptake being more pronounced. The terrestrial anc

Arctic ice area [m2]
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(o)} [0} o N

(d)
2000 2020 2040 2060 2080 2100
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oceanic carbon uptakes simulated by GBDI25 generally 16/
resemble that of GEQAM25, but with weaker amplitudes. 12 € ; ; ;
In the GEQPINS, the volcanic forcings induce a more 2000 2020 2040 2060 2080 2100

pronom_mced change in the terrestrial carbon u_ptake than th'gig. 4. Model projection of global meaa) 2-m surface air tem-
opea|r1|c Counterpalrt. F(;)r the 2(.)20 t?j 2|093 perlt?d, the mkodel erature(b) sea surface temperatufe) precipitation,(d) summer
simulates accumulated oceanic and land carbon uptake %eptember) Arctic sea ice area, gedlAtlantic Meridional Over-
373.1 and 313.5PgC, as compared to 377.0 and 215.9 Pg {yrning Circulation (AMOC) strength for each experiments.
simulated in REF (see also Talflg Therefore, to a first or-

der, an increase in terrestrial carbon uptake in GHEN5

could explain the simulated 45.6 ppmv lower atmosphericy;, post-eruption analysis will be focused more on the
CO; concentration at the end of the 21st century (i.e., differ- G PIN5 results.

ence in terrestrial carbon uptake of 97.6 Pg C approximately

corresponds to 46.7 ppmv). 3.1 Climate sensitivity and carbon feedback

In the next subsection, we will attempt to quantify
the global climate sensitivity, carbon feedback associatedHere, we analyze the role of volcanic eruptions, focusing
to the volcanic forcings, and analyze the post-eruptionon the aerosol loading added to the atmosphere, in chang-
changes. Due to the relatively small changes simu-ing the global temperature and carbon uptake. For the pe-
lated in GEQTAM25 and GEQPIN25 compare to REF, riod of 2020-2099, experiment REF simulated a change in
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Table 2. Simulated change in global mean temperat& &Y, atmospheric C@concentrationfACa), oceanic ACp) and terrestrial AC)
carbon content, and residual carbon uptakg &nd R| ) computed over the 2020—2099 period.

Experiment AT [°C] ACa [ppmM ACo[PgQ ACL[PgQ Rol[Pgd Ry [PgQ

REF 2.10 454.30
GEO.TAM25 1.99 446.13
GEO_PIN25 2.04 44481
GEQOPIN5S 1.42 408.73

377.03 215.88 0.00 0.00
377.11 230.15 5.22 10.10
375.77 235.90 6.25 22.73
373.09 313.48 23.25 66.95

Atmospheric CO2 concentration

900
780} (8)
= 660
IS
[oX
& 540
420f
300 : ‘ : :
2000 2020 2040 2060 2080 2100
Oceanic CO2 uptake
7
6/ (b) R
st WJI‘"MM‘ vVM‘\ i
o ) A/
o 4t / \éb\ﬁ' REF H
£ y /‘jb GEO_TAM25
3 m GEO_PIN25
GEO_PINS
2 i i i ‘
2000 2020 2040 2060 2080 2100
Land CO2 uptake
12
ot (©)
sl ]
>
S A y ARARA VA
i, \NWW N A
07 ] v« \‘ |

-3 1 1 1 1
2000 2020 2040 2060 2080 2100
year

Fig. 5. Model projection of annual mega) atmospheric C@con-

centration(b) oceanic carbon uptake, ag) terrestrial carbon up-
take over the 2000-2099 period.
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global mean temperature and atmospherico, QD 2.1°C
and 454.3 ppmv, respectively. These quantities yield a cli-
mate sensitivity of 0.0048C ppmv-1 for the BCM-C model
over the studied period. The value is reasonable and well
within the range of the other Earth system models of 0.0038—
0.0082°C ppmv™! (Friedlingstein et a).2006. Table2 sum-
marizes the change in global mean temperature and carbon
content in the atmosphere, ocean, and land for each volcanic
scenario simulation over the 2020-2099 period. Multiplying
the climate sensitivity above with the change in atmospheric
CO, concentration yields the expected change in tempera-
ture of 2.05, 2.05, and 1.8& for the three volcanic scenario
simulations. Therefore, by the end of experiment period, the
aerosol loading added into the GERAM25, GEO.PIN25,
and GEQPIN5 experiments lead to additional cooling of
0.06, 0.01, and 0.4%C, respectively. While this suggests
that the aerosol loading indeed induce cooling to the global
temperature, over a long period, the effect is generally small,
except for the case when large volcanic eruptions occur very
frequent (i.e., GECPINS).

The volcanic forcings also induce changes in both the
oceanic and terrestrial carbon content. Followkrgedling-
stein et al(2006, the change in oceanic and terrestrial car-
bon uptake due to change in temperature and atmospheric
CO;, concentration can be estimated as follows:

ACSH = Bo ACh + yo AT' + RL, (1)
AC = BL ACh + v AT + R, 2)

where AC represents change in carbon inventory in atmo-
sphere (A), ocean (O), and land (L) for each experiment
Here, we include residual term®]( and R5), which rep-
resent the change in land and oceanic carbon inventory at-
tributed to the volcanic eruption forcing in each scenario.
For the period of 2020-2099, the sensitivity of ocean and
land carbon storage to change in atmospherie (83/8.)
computed from experiments ifjiputra et al. (2010 are
equal to 0.9346 and 0.9903 Pg C ppmyrespectively. Sim-
ilarly the change in ocean and terrestrial carbon content
to temperature changed/y.) are equal to—22.6470 and
—111.4349 Pg CC1, respectively. The sensitivity numbers
above are within the range of other Earth system models

Earth Syst. Dynam., 532011
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Fig. 6. Latitudinal change in annual meé#a) temperature(b) precipitation,(c) net primary production(d) heterotrophic respiration, and

(e) net ecosystem production over land following the volcanic eruption forcing in ®B®. Colors represent different years immediately

follow the eruptions. Both the temperature and precipitation change are computed only for land grid points. The grey shading represents the
plus minus one-standard deviation of the year-to-year variability of each variable to indicate whether or not the signals are detectable.

given by Friedlingstein et al(2006. Inserting these num- (Fig. 6). The mean deviation shown in Fi§.is computed

ber to Eqgs. (1) and (2) yield the oceanic and terrestrial residfrom all 16 eruption events in GE®IN5 as compared to
ual terms for each experiment as summarized in Ta&ble the year prior to each eruptions. Latitudinal change in pre-
Table 2 suggests that the volcanic forcings in all volcanic cipitation is well within the standard deviation, suggesting
simulations induce positive feedback on the oceanic and terthat regional change in precipitation is generally not signifi-
restrial carbon cycle (i.e., more carbon uptake). The largestant. However, change in the temperature in the first and sec-
terrestrial residual term is simulated in GEN5, wherethe  ond years show relatively large cooling signals. Changes in
land takes up approximately additional 66.95 Pg C. Experi-terrestrial carbon parameters appear to be detectable only in
ment GEQTAM25 yield the smallest increase in terrestrial high latitudes. The largest mean cooling period occurs imme-
carbon uptake of 10.10 Pg C. The difference in the terrestriatiately following the volcanic eruption (i.e., first year) with
residual terms are not obvious. For example, despite hava mean reduction of nearly°C simulated in some regions
ing more aerosol loading (see Taldlg GEO.TAM25 sim- in the Northern Hemisphere. Afterwards the temperature
ulates smaller residual term than GEOIN25. While the  steadily recovers to the pre-eruption level. This is consistent
ocean demonstrates relatively small change in accumulatedith study byBrovkin et al.(2010, which also demonstrates
carbon uptake in all experiments, the oceanic residual terma pronounced cooling over high latitude Northern Hemi-
also show distinct variations. For example, an additional up-sphere landmasses. Also similar to their study, the BCM-C
take of 23.25Pg C is simulated in the GERIN5, whereas only simulates a small cooling in the Southern Hemisphere,
only 6.25Pg C is simulated in GEBIN25, suggesting that essentially caused by the distinct land and ocean distribution

the frequency of the volcanic events is of importance. between the two hemispheres.
Over the period when the volcanic forcings are applied,
3.2 Terrestrial carbon cycle GEO_PIN5 simulates NPP and soil respiration reduction of

approximately 27.7 and 122.8 Pg C as compared to the REF
Fluxes of carbon between the atmosphere and the land amein. GEQPINS also simulates slightly less accumulated car-
primarily controlled by the difference between terrestrial bon outgassing associated with fire fluxes of 2.4 PgC. This
photosynthesis (uptake) and heterotrophic respiration (outstrongly reduced respiration more than offsets the reduced
gassing). In order to analyze the regional change in cli-NPP and essentially leads to increased net terrestrial carbon
mate and carbon cycle over land associated with the erupsiptake of about 97.5Pg C. By the end of the model simula-
tions, we compute the latitudinal mean change in landtion, the LPJ simulates increases in soil, litter and vegetation
surface air temperature, precipitation, net primary produc-carbon masses by approximately 34.6, 13.8, and 48.8 Pg C,
tion (NPP), soil respiration, and net ecosystem produc-respectively in GECPIN5 when compared to REF.
tion (NEP = NPP- respiration- fire emissions) in the first, The net carbon gain by the terrestrial biosphere occurs
second, third, and fourth years after the volcanic eventamostly in the tropics and mid-latitude Northern Hemisphere.
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Fig. 7. Mean changes (GE®IN5 minus REF) in total land (top) vegetation and (bottom) soil carbon content due to additional volcanic
forcings computed over 2090—-2099 period. Units are in [KgCGmn

We attribute the former to the increase in net primary pro-parameters in the model, whereas changes in terrestrial car-
duction as shown in Figs. On the other hand, the net car- bon fluxes would, in addition, contribute to an altered air-sea
bon gain in the mid-latitude Northern Hemisphere is domi- pCO, gradient. Changes in the gas transfer rate turns out to
nated by reduced soil respiration due to the simulated coolebe relatively small compared to changes in the solubility (not
temperatures following the eruption events. An earlier mod-shown). Figure3 shows that the solubility of C&gas in sea-
eling study byJones and Cof001) features similar mech- water is expected to steadily decrease toward the end of the
anisms in the tropics associated with the Mount Pinatuba21st century for all ocean regions, based on experiment REF.
eruption. FigureZ shows that the net primary production in- Cooling effects associated with volcanic eruptions in both
crease in the tropics leads to an increase in carbon stored ithe GEQTAM25 and GEQPIN25 can clearly be detected,
the vegetation pool, whereas reduced respiration in the midincreasing the solubility temporarily for a few years follow-
and high-latitude Northern Hemisphere lead to an increasedhg the eruptions before returning to the decreasing trend as

soil carbon pool in these regions. in REF. In GEQPIN5, more frequent volcanic forcings are
able to increase and maintain a high solubility until the mid-
3.3 Oceanic carbon cycle 21st century before they start to decrease. Interestingly, in

the high latitude Southern Ocean, the solubility parameter

The global carbon uptake by the ocean is not perturbed sub@PPears to recover towards the end of experiment period.
stantially by the volcanic eruption forcings. Over the 2020— Despite the delayed solubility reduction simulated in
2099 period, experiments REF, GEXAM25, GEOQ.PIN25, GEOQ_PINS5, there is no significant increase in global oceanic
and GEQPINS5 simulate accumulated oceanic carbon uptakecarbon uptake (see also Fig). In fact, GEQPIN5 sim-

of 377.0, 377.1, 375.8 and 373.1PgC, respectively. Nevulates approximately 4PgC less uptake than the REF. We
ertheless, regional changes would be expected as a resuttribute this to the reduction in the atmospheric Qfn-

of changing climate. In the model, the carbon fluxes fromcentration, associated with a stronger carbon uptake by the
the atmosphere to the ocean are formulated as a function derrestrial reservoir. This lower atmospheric £Gncen-
solubility, gas transfer rate, and difference in atmospherictration reduced thexCO;, gradient between the ocean and
and oceanic partial pressure €QpCOy) following Wan-  atmosphere, thus weakening the oceanic uptake strength.
ninkhof(1992. Thus changes in atmospheric circulation and  Another way to explain the relatively small change in the
temperature would alter the solubility and gas transfer rateoceanic carbon uptake to the volcanic forcings is through
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the Revelle factor. The Revelle factor provides a conve-these two factors that control the future oceanic buffer ca-
nient means to calculate changes in sea water chemistry, talpacity, and hence the oceanic carbon uptake. Figsteows

ing into account both the anthropogenic carbon uptake andhe area-weighted regional evolution in the Revelle factor,
change in the seawater physical state, such as temperatuestimated followingMaier-Reimer and Hasselmarh987).
(Thomas et @) 2007, Egleston et a)2010. Itis computedas  While Fig. 8 shows that the volcanic forcings alter the re-
the change 0pCO; in seawater for a given change in surface gional solubility of CQ in seawater considerably, there is
concentration of dissolved inorganic carbon (DIC). Its value principally no change in the simulated Revelle factor (except
is indirectly proportional to atmospheric G@oncentration  for the Arctic). This suggests that on large scales, the ocean
and reversely proportional to the temperature of the seawatelakes up approximately similar amount of carbon between
(Zeebe and Wolf-Gladroy2001). Therefore, given the same the three volcanic experiments in this study. We note that
atmospheric C@concentration, relatively warm low latitude while the Revelle factor is a useful indicator for estimating
oceans generally have lower Revelle factors whereas coldghe ocean capacity in absorbing atmospheric, GOis im-

high latitude oceans have higher Revelle fact@aline et  portant to keep in mind that the state of the ocean surface
al,, 2009. This difference in temperature cause the DIC to shown here is far from steady state, due to the transient state
vary, which in turn, indirectly alters the Revelle factor. As of the climate and atmospheric GO

explained in literature (e.gMehrbach et a).1973 Broecker With respect to the marine ecosystem, a global decrease
and Peng1983, the change in temperature alter the dissoci-in piological production is expected in the future. Under
ation constant of the chemistry reaction between the differyarmer climate, stronger stratification and shallower mixed
ent carbon species (carbonic acid, bicarbonate, and carbomayer depth would lead to reduced surface macro nutri-
ate), and therefore, perturbed the equilibrium between thesgnts, essential for marine productivitBqpp et al, 2001
species in seawater. Seawater with high (low) Revelle factoisteinacher et 312010. Reduced marine production leads
has low (high) buffer capacity of Gn the associated water o reduced export production, which is a mechanism to trans-
mass. For this reason, seawater with low Revelle factor ha@ort carbon from surface to the deep water, also known as the
a higher capacity in taking up anthropogenic @®m the  “piological pump”. By the end of the 21st century (i.e., aver-
atmosphere. aged over 2090-2099), the REF run simulates a global export
Future climate change is associated with raising temperaproduction of 8.6t 0.2 Pg C yr!, considerably lower com-
ture and atmospheric GQroncentration. While higher sea pare to the preindustrial value of 310.2PgCyrl. Ex-
surface temperature increase the buffer capacity, higher aperiments GEOTAM25 and GEQPIN25 produce similar
mospheric CQ does the opposite. It is a balance betweenquantities of 8.1 0.1 and 8.1 0.2 Pg Cyr?, respectively,
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Fig. 9. Similar to Fig.8 for the Revelle factor.

whereas GECQPINS maintains a relatively higher export pro- correctly model the volcanic dust impact on the marine pro-
duction of 8.740.3PgCyr?! at the end of this century, duction also arise from the diversity of particle dust composi-
still within the preindustrial variability. Figurd0 shows tions for the different volcanic sources and from the effects of
Hovmbller diagrams of mean latitudinal differences in the volcanic dust on different phytoplankton species. Also, there
annual export production between each of the perturbed simare large uncertainties associated with the regional distribu-
ulations compared to the REF over the 2020-2099 periodtion of aerial volcanic dust deposition to the ocean, since this
The future reduction in the export production occurs pre-is highly dependent on the location of the eruption event. Fi-
dominantly at high latitudes, due to the simulated shallowemally, potential effects of other toxic trace metals associated
mixed layer depth in this regions, consistent with the findingwith volcanic dust on various phytoplankton species remain
by Steinacher et a[2010. However, the mixed layer depth poorly understood. Therefore, the analysis shown here sim-
reduction in the GEQPINS is relatively small compared ply represents the change in biological production that pre-
to the GEQTAM25 and GEQPIN25, mainly due to the dominantly take place due to changes in the physical vari-
fact that GEQPIN5S experience less SST warming (see alsoability.
Fig.4). As aresult, the GEQIN5 run projects higher annual
export production at the Northern and Southern Hemisphere
high latitudes relative to the REF. In the polar latitude South-4 Summary and discussion
ern Ocean, the signal is more difficult to interpret, which is
attributed to the variations in the projected sea-ice in this reFuture climate and carbon uptake are projected using the
gions. The pulse in the Equatorial regions could possiblyBergen Earth system model under the SRES-A2 emission
be due to the impact of the volcanic forcings on the ENSOscenario. To study the potential feedback associated with
cycle. However, the experiment set up in this study is insuf-episodic volcanic forcings within the 21st century, multiple
ficient to draw any conclusions on how the different volcanic simulations were performed, applying three different scenar-
scenarios affect the future ENSO cycles. ios of volcanic eruptions. In the first scenario, large volcanic
Some studies have shown that the volcanic ash depositiogruptions, comparable to the 1815's Tambora, are prescribed
could potentially lead to micro-nutrient fertilization (particu- for the year 2025, 2050, and 2075. On the second, slightly
larly iron) and enhance marine biological production locally weaker eruptions comparable to the 1991's Pinatubo, are pre-
following the short period after the volcanic eveRtggner  scribed with the same frequency. On the third, the 1991’s
et al, 2002, Jones and GislaspR008 Watson 1997). How- Pinatubo are prescribed with larger occurrence frequency of
ever, a review paper bpuggen et al(2010 indicates that  five-years, starting from year 2020.
the scientific community at present lacks a comprehensive The introduction of volcanic forcing into the future sce-
understanding of the role of volcanic ash on the marine phy-nario leads to short term cooling in both the surface tempera-
toplankton growth. In addition, difficulties regarding how to ture as well as the SST. Figudeshows that the length of the

www.earth-syst-dynam.net/2/53/2011/ Earth Syst. Dynam., 52011



64

Export production, GEC_TAM25-REF

-1
[PgCyr]

2100

2080 [ =

2060 "+

year

2040 =

2020 i i i i
-60 -30 0 30

latitude

60

O_PIN25-REF [Pg € yr ]

2100

R

2080

2080

R LR

year

i

2040 [ e &

2020 L L i L
-60 -30 0 30
latitude

60

Export production, GEO_PIN5-REF [Pg C yr'w]

2100 2% T :

2080

Bati it vin

2060 |5 g

year

‘:},

2040 .

g3t

2020

-30 0 30
latitude

60

J. F. Tjiputra and O. H. Ottar Volcanic eruptions and carbon cycle

0.04

0.02

0.04

0.04

For all experiments, there are positive feedbacks (i.e.,
more carbon uptake) on both the oceanic and terrestrial car-
bon reservoirs as a result of the volcanic forcings. Our
experiments show that the feedback on the global carbon cy-
cle is dominated by the terrestrial biosphere. Cooling over
land leads to prolonged soil carbon turnover rate in mid-
latitude Northern Hemisphere and increased vegetation car-
bon budget at low latitudes, resulting in overall net carbon
uptake. In some regions such as the polar Northern Hemi-
sphere, the reduced soil respiration still prevails over the low-
ered photosynthesis rate. The enhanced carbon uptake by
the land biosphere following a volcanic eruption is well sup-
ported by both modeling and inversion studiBe(squet et
al., 200Q Jones and CqxX001; Lucht et al, 2002 Brovkin
et al, 2010 for the historical periods. Nevertheless, the re-
gional uptake anomalies vary considerably between studies.
For example, increased carbon content in the tropics is sug-
gested byJones and Cox2001) andBrovkin et al.(2010,
whereas the study bBousquet et al(2000 indicates more
terrestrial carbon uptake in the Northern Hemisphere regions
(e.g., north of 45N) due to eruption-induced cooling. An-
other study byLucht et al.(2002, using a similar dynam-
ical vegetation model as the BCM-C, also simulates high-
latitude carbon uptake following the Pinatubo eruptions. In-
terestingly, the BCM-C simulates increased carbon content
both in the tropics and Northern Hemisphere following the
eruption events. We attribute this to the additional “(d€x-
tilisation effect” induced in our model’s future projections
because the model does not simulate clear signals in the veg-
etation carbon content following the 1991 Mount Pinatubo
eruption under the present day condition (see BjgAddi-
tionally, Tjiputra et al.(2010 have shown that the tropical
terrestrial NPP in the BCM-C model is sensitive to an in-
crease in atmospheric GOThus the increase in the tropical
vegetation carbon content shown in Figs likely driven by

Fig. 10. Hovmdller diagrams of difference in annual marine ex- the higher atmospheric G@&oncentrations simulated in the
port production between the three volcanic scenario simulationsy,qdel future projections

(GEO.TAM25, GEO.PIN25, GEQPIN5) with the reference (REF)

run for the 2020-2099 period.

Over the ocean, the volcanic eruptions reduce the ocean
heat content, and consequently lower the projected SST
(Gregory 2010. This condition favour stronger atmospheric

temperature perturbation vary depending on the magnitud€0O, uptake because the solubility of G@as is higher in
and frequency of volcanic forcings, predominantly by the lat- colder water, though the solubility effect is partly counter-
ter. In addition,Wigley (2006 and Frolicher et al.(201]) acted by a decrease in buffering ability at lower temperatures
also suggest that the recovery time of the temperature to thé.e., under colder temperature, there are less occurring disso-
pre-eruption condition may vary between models depend<iation of carbonic acid into carbonate ion, which is impor-
ing on the climate sensitivity. We show that while aerosol tant for buffering the dissolved CQat the ocean surface).
loading indeed induce cooling to the global mean temperadn addition, simultaneous and stronger terrestrial carbon up-
ture, over a long period only an experiment with a high fre- take lead to a reduction in atmospheric £ @wering the
quency of volcanic events simulates a long-lasting impact.pCO, gradient between the atmosphere and the ocean. On
For the preindustrial periodkrolicher et al (2011 show that  large-scales, all of these factors contribute to relatively small
volcanic eruption could considerably alter the atmosphericchanges in the buffer capacity of the seawater, which resulted
CO;, concentration for up to several decades. However, wein small changes in long-term oceanic carbon uptake among
find that under business-as-usual future scenario, the baclkhe different experiments.

ground increase in atmospheric €&ssociated with the an- We show that while frequent and large volcanic erup-
thropogenic emissions would dominate. tions in the future could counteract the anthropogenic global
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warming. This perturbation only last for a short term pe- the computing and storing resources essential for this study. This
riod until the background climate warming trend returns andis publication no. A342 from the Bjerknes Centre for Climate
come into effect. Our study indicates that geoengineeringResearch.

methods mimicking the volcanic eruptions would be in prin- o _

ciple, and if no other reasons would speak against the proce=dited by: P. Friedlingstein

dure, reduce the anthropogenic climate change to some ex-

tent. The experir_nents also show that such methods coulghoferences

offer some benefits to the Earth system, such as by delay-

ing the future warming rate, increasing anthropogenic carborangert, A., Biraud, S., Bonfils, C., Buermann, W., and Fung, I.:
uptake, and slowing down the reduction in marine produc- CO, seasonality indicates origins of post-Pinatubo sink, Geo-
tivity. Nevertheless, there remain many unanticipated con- phys. Res. Lett, 31, L11108pi:10.1029/2004GL01976Q004.
sequences that could lead to potentially catastrophic consédentsen, M., Drange, H., Furevik, T., and Zhou, T.: Simulated vari-
quences. For example, the potential stratospheric ozone de- ability of the Atlantic meridional overturning circulation, Clim.
struction, potential acid rain, effects on cirrus clouds, im- _ Dynam., 22, 701-720, 2004. o . .
pacts of the released volcanic dust on terrestrial and maB'eck: R and Smith, L. T.: A wind-driven isopycnic coordinate
. . model of the North and Equatorial Atlantic Ocean, 1. Model
rine ecosystemSarmiento 1993 Duggen et a].2010, and

; . . . . development and supporting experiments, J. Geophys. Res., 95,
changes in regional atmospheric and ocean circulation that 5575 3555 1990,

may need decades or centuries to recoden¢s et a 2011). Bleck, R., Rooth, C., Hu, D., and Smith, L. T.: Salinity-driven Ther-
All of these factors remain poorly understood and the recent mocline Transients in a Wind- and Thermohaline-forced Isopyc-
geoengineering studiesatthews and Caldeir2007 Jones nic Coordinate Model of the North Atlantic, J. Phys. Oceanogr.,
et al, 201Q Llanillo et al, 2010 include the warning that, 22,1486-1505, 1992.
should geoengineering fail or be stopped abruptly, it couldBonan, G. B. and Levis, S.: Quantifying carbon-nitrogen feedbacks
lead to very rapid climate change, with warming rates up to in the community land model (CLM4), Geophys. Res. Lett., 37,
20 times greater than present-day rates. Even if such meth- L07401,d0i:10.1029/2010GL04243@010.
ods can be deployed successfully, our study suggests that 3PP L., Monfray, P., Aumont, O., Dufresne, J.-L., Le Treut, H.,
high concentration of atmospheric @@ould remain in the Madec, G., Terray, L., and Orr, J. C Potential Impact of climate
. . - . change on marine export production, Global Biogeochem. Cy.,
atmosphere for a long time. Also, since our simulations do

. . . 15, 81-99, 2001.
not produce considerable change in oceanic carbon uptakeBousquet P., Peylin, P., Ciais, P., Le @ C., Friedlingstein, P.

the ocean could still be expected to acidify considerably by  4nq Tans, P. P.: Regional changes in carbon dioxide fluxes of land
the end of the 21st century. and oceans since 1980, Science, 290, 1342—1346, 2000.

There are also some caveats associated with the mod@roecker, W. S. and Peng, T. H.: Tracers in the sea, Eldigio Press
used in this study. The ocean biogeochemistry model does Lamont Doherty Geological Observatory, New York, 500-568,
not take into account any potential iron fertilization associ- 1982.
ated to the dust released by the volcanic eruptiéngggen ~ Brovkin, V., Lorenz, S. J., Jungclaus, J., Raddatz, T., Timmreck,
et al, 2010. The current version of the land carbon cycle G- Reick, C. H., Segschneider, J., and Six, K.: Sensitivity of a
model does not take into account change in diffuse light as- CouPled climate-carbon cycle model to large volcanic eruptions

. . . h during the last millennium, Tellus B, 62, 674-681, 2010.
sociated with changes in aerosol loadinddercado et al. ;
. . Crowley, T., Baum, S. K., Kim, K.-Y., Hegerl, G. C., and Hyde, W.
(2099 show that changes in the cloud °_°Ver arlsllng from \{Ol' T.: Modeling ocean heat content changes during the last millen-
canic eruptions alt_er the photosynthetically active radiation, nium, Geophys. Res. Lett., 30, 1932, 2003.
hence the terrestrial carbon balance. The LPJ also does N@frueger, T., Roeckner, E., Raddatz, T., Schnur, R., and Wet-
implement nitrogen limitation, which could alter the carbon  zel, P.: Ocean dynamics determine the response of oceanic
uptake due to climate chang@dnan and Levis2010. CO, uptake to climate change, Clim. Dynam., 31, 151-168,
doi:10.1007/s00382-007-0342-2008.
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