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Abstract. Using a fully coupled global climate-carbon cycle
model, we assess the potential role of volcanic eruptions on
future projection of climate change and its associated carbon
cycle feedback. The volcanic-like forcings are applied to-
gether with a business-as-usual IPCC-A2 carbon emissions
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-
ilar to Pinatubo in amplitude, but set to occur frequently,
would have a stronger impact on future climate change. In a
scenario where the volcanic external forcings are prescribed
with a five-year frequency, the induced cooling immediately
lower the global temperature by more than one degree be-
fore it returns to the warming trend. Therefore, the climate
change is approximately delayed by several decades, and
by the end of the 21st century, the warming is still below
two degrees when compared to the present day period. Our
climate-carbon feedback analysis shows that future volcanic
eruptions induce positive feedbacks (i.e., more carbon sink)
on both the terrestrial and oceanic carbon cycle. The feed-
back signal on the ocean is consistently smaller than the ter-
restrial counterpart and the feedback strength is proportion-
ally related to the frequency of the volcanic eruption events.
The cooler climate reduces the terrestrial heterotrophic res-
piration in the northern high latitude and increases net pri-
mary production in the tropics, which contributes to more
than 45 % increase in accumulated carbon uptake over land.
The increased solubility of CO2 gas in seawater associated
with cooler SST is offset by a reduced CO2 partial pressure
gradient between the ocean and the atmosphere, which re-
sults in small changes in net ocean carbon uptake. Similarly,
there is nearly no change in the seawater buffer capacity sim-
ulated between the different volcanic scenarios. Our study
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shows that even in the relatively extreme scenario where
large volcanic eruptions occur every five-years period, the
induced cooling leads to a reduction of 46 ppmv atmospheric
CO2 concentration as compared to the reference projection
of 878 ppmv, at the end of the 21st century.

1 Introduction

Future climate change is expected to vary considerably ac-
cording to the rate of anthropogenic carbon emissions and
uptake by both the ocean and the terrestrial biosphere. Earth
system models, which contain interactions between the at-
mospheric and oceanic physics coupled with the global car-
bon cycle, are useful tools for predicting how future climate
would evolve under a given anthropogenic greenhouse gas
emission scenario. Recent studies using such models have in-
dicated that future climate change will reduce the efficiency
of the Earth system to absorb the emitted anthropogenic car-
bon, and would hence provide a positive feedback (Friedling-
stein et al., 2006; Crueger et al., 2008; Tjiputra et al., 2010).
Those studies, however, did not take into account not yet pre-
dictable factors such as volcanic eruptions or similar external
forcings.

Volcanic forcing is well known to induce negative radia-
tive forcing following the eruption events (Hansen et al.,
1996; Gregory, 2010). Recent studies have also empha-
sized the crucial role of volcanic eruptions in controlling the
global climate variability in the past (Stenchikov et al., 2009;
Otter̊a et al., 2010). Explosive volcanic eruptions inject a
large amount of different types of particles and gases into
the stratosphere, such as ash, water vapour (H2O), carbon
dioxide (CO2), and sulfur dioxide (SO2). Most of the ash
will be washed out of the troposphere quite rapidly, on time
scales of minutes to a few weeks. Gases such as H2O and
CO2 are important greenhouse gases, but their atmospheric
concentrations are so large that individual eruptions have a
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minimal effect upon the overall concentrations and thus, do
not directly impact the greenhouse effect.

The most important climatic effect of explosive volcanic
eruptions is through the emission of sulphur species, mostly
as SO2, into the stratosphere. The SO2 is rapidly converted
into sulphuric acid, which in turn condenses into aerosols.
These volcanic aerosols are then spread around the globe by
atmospheric circulation and produce aerosol clouds that scat-
ter more incoming solar radiation back to the space, resulting
in cooler surface temperatures. In addition, volcanic aerosols
also absorb both solar and terrestrial radiation, which heat the
stratosphere (Robock, 2000). The resulting perturbation to
the Earth’s radiative balance, in turn, alters the atmospheric
circulation and other climate parameters. However, the large
reduction in direct short-wave radiation reaching the surface
is the primary response of the volcanic aerosols resulting in
a net surface and global cooling.

Sulfate aerosols resulting from strong volcanic explosions
last for 3–5 years in the lower stratosphere. Therefore, it
has traditionally been believed that volcanic impacts produce
mainly short-term, transient climate perturbations. However,
the ocean integrates volcanic radiative cooling and responds
over a wide range of time scales. Some recent model stud-
ies indicate that very large eruptions or a clustering of major
eruptions may represent a substantial climate forcing over
decadal to multi-decadal time scales (Stenchikov et al., 2009;
Otter̊a et al., 2010). In these studies key variables in the
Atlantic climate system, such as sea ice and the ocean cir-
culation are found to be quite sensitive to volcanic forcing.
The associated processes, especially ocean heat uptake, play
a key role in ongoing climate change. An improved assess-
ment of possible long-term climate effects of volcanic erup-
tions is therefore important in order to put the ongoing cli-
mate change into a proper context.

By perturbing the climate system, volcanic eruption will
alter the global carbon cycle as well. Studies bySarmiento
(1993) andJones and Cox(2001) show a measurable change
in the atmospheric CO2 concentration growth rate follow-
ing the 1991 Mount Pinatubo eruption, which cannot be ex-
plained by the changes in anthropogenic carbon emissions
alone. A further study byBousquet et al.(2000) indicates
an additional carbon sink of about 2 Pg C in response to the
Pinatubo eruption. These changes are dominated by changes
in the terrestrial carbon uptake predominantly due to the re-
duction in soil remineralization as a result of high latitude
cooling following the eruption event.

In addition to the short term change in the terrestrial and
oceanic carbon balance, the climate perturbation introduced
by the volcanic forcings can also have a long term impact
on the global carbon cycle, which introduce an additional
feedback to the climate system. For example, in their proba-
bilistic study coupled with an ensemble of proxy data,Frank
et al. (2010) show a broad distribution of the climate sen-
sitivity of the global carbon cycle over the preindustrial pe-
riod. This large uncertainty is, to some extent, attributed to

the short-term climate variability (e.g., volcanic eruptions)
that is not detected from the proxy record, as also shown in
Gerber et al.(2003). A study byFrölicher et al.(2011) in-
dicates that short term volcanic forcings, depending on the
forcing magnitude, plays an important role in altering the
carbon cycle-climate sensitivity. They demonstrate that the
change in atmospheric CO2 per unit change in global mean
surface temperature decreases with increasing magnitude of
the volcanic perturbation. For the historical period over the
past few decades, other studies has also stated and empha-
sized the important roles of volcanic forcings in influencing
the observed variability of the air-sea, air-land CO2 fluxes,
and the airborne fraction of anthropogenic CO2 emissions
(Le Qúeŕe et al., 2009; Gloor et al., 2010; Sarmiento et al.,
2010). This change in trends and variability could, in turn,
further implicate and contribute to the uncertainties of the
climate carbon cycle feedbacks, which is suggested to be an
important element for the future model projections (Meehl et
al., 2007). For the reasons mentioned above, it is therefore
necessary to better understand the role of potential future vol-
canic forcings on the global carbon cycle to better interpret
any uncertainties associated with future climate and carbon
cycle projections.

Even though it is well established that volcanic forcings
is important for the climate-carbon cycle sensitivity, most
studies have so far focused only on analysing this sensi-
tivity for the historical periods (e.g.,Brovkin et al., 2010;
Frölicher et al., 2011). Our study, to the authors’ best knowl-
edge, represents the first attempt to assess the role of vol-
canic forcings on the future carbon cycle and its respective
feedback strength to the climate by using a comprehensive
coupled climate-carbon cycle model. Here, we focus on
understanding the role of pulse-like volcanic forcings un-
der the business-as-usual, IPCC SRES-A2 future CO2 emis-
sions scenario. We apply the future emissions scenario into
the Bergen Earth system model (BCM-C), which consists
of a fully interactive climate model coupled with interactive
oceanic and terrestrial carbon cycle models. In addition to
the reference run, three simulations adopting different future
volcanic eruption scenarios are performed to better under-
stand the role of magnitude and frequency of the eruption
events. The spatial and temporal perturbation of the temper-
ature and precipitation after the volcanic eruptions event are
analyzed together with changes in sea-air and land-air carbon
fluxes. Regional change in carbon inventory in both land and
ocean reservoirs projected in the future are also assessed.

In addition to the above motivation, due to the counter-
acting effect of volcanic eruptions on anthropogenic climate
change and atmospheric CO2 concentration, several geoengi-
neering options for climate change mitigation mimicking the
volcanic eruptions have been recently proposed and stud-
ied (e.g.,Crutzen, 2006; Wigley, 2006; Rasch et al., 2008;
Robock et al., 2008, 2010; Jones et al., 2009; Royal Soci-
ety, 2009; Moore et al., 2010). However, the impact and
feedback of such large-scale geoengineering schemes on the
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Earth system remain poorly understood. A more detailed
assessment is therefore needed before one could even con-
sider the method as promising or would have to reject it.
Earth system models, such as the BCM-C, offer the ideal
laboratory to perform such sulfur injection schemes in a con-
trolled environment, and systematically assess potential im-
pacts on climate and environment. Therefore, this study will
also improve our understanding how the Earth system, par-
ticularly how the global carbon cycle may be influenced by
stratospheric sulphur injection type geoengineering mitiga-
tion.

The paper is organized as follows: the next section will
describe the model and experiment design adopted in this
study. The third section will discuss our experiment results
in regards to the global climate sensitivity and changes to
the terrestrial and oceanic carbon cycles. The final section
includes a discussion and a summary of the paper.

2 Method

2.1 Model description

The Bergen Earth system model (BCM-C) used in this study
is an updated version of the Bergen Climate Model (BCM;
Furevik et al., 2003) coupled with terrestrial and oceanic car-
bon cycle models. The atmospheric component is ARPEGE-
Climat version 3 with a truncation at wave number 63 (TL63)
and 1800 s time step. A total of 31 vertical levels, ranging
from the surface to 0.01 hPa are employed. The current ver-
sion differs from the original BCM in that the vertical dif-
fusion scheme has been updated to that of ARPEGE-Climat
version 4 (Otter̊a et al., 2009). The ocean component is a
modified version of MICOM (Bleck and Smith, 1990; Bleck
et al., 1992; Bentsen et al., 2004), an isopycnic ocean GCM.
It has approximately 2.4◦ × 2.4◦ horizontal resolution with
34 isopycnic vertical layers. The model adopts a single non-
isopycnic surface mixed layer, which provides the linkage
between the atmospheric forcing and the ocean interior. The
ocean carbon cycle model is the Hamburg oceanic carbon
cycle (HAMOCC5) model (Maier-Reimer et al., 2005). The
HAMOCC5 model simulates carbon chemistry and includes
an NPZD-type (nutrient, phytoplankton, zooplankton, and
detritus) ecosystem model. The terrestrial carbon model is
the Lund-Potsdam-Jena (LPJ) model (Sitch et al., 2003). The
LPJ is a large-scale dynamic vegetation model and contains
10 plant functional types. A more detailed description of the
BCM-C model and its evaluation are available inTjiputra et
al. (2010).

In all simulations, the BCM-C is interactively coupled
with the carbon cycle modules with no flux adjustments
applied. In order to simulate volcanic eruptions, sulphur
aerosols are injected directly into the stratosphere. Note that
the model does not have an interactive aerosol scheme. Thus,
for each volcanic scenario experiment, we applied different

atmospheric boundary condition to the model where the op-
tical properties of the atmospheric aerosols is modified ac-
cording to the different magnitude and frequencies of vol-
canic eruption. The volcanic aerosol time series is supplied
as monthly optical depths at 0.55 microns, in the middle of
the visible spectrum (Crowley et al., 2003). The forcing were
applied as quarterspheric (30◦ N–90◦ N, 0–30◦ N, 30◦ S–0,
90◦ S–30◦ S) monthly values, and distributed in each model
level in the stratosphere (Otter̊a, 2008). The volcanic mass
of the stratospheric aerosols are calculated at each grid point
and model level in the stratosphere by dividing the total
aerosol concentration by the total air mass of all stratospheric
levels at that grid point.

The atmosphere model ARPEGE (i.e., the atmospheric
component of the BCM-C) is able to reproduce many of the
observed features after the Mount Pinatubo eruption (Otter̊a,
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,
the observed winter warming pattern over NH land is well
captured. This winter warming was caused by an anoma-
lously positive phase of the Arctic Oscillation (AO) associ-
ated with the enhanced Equator-to-pole temperature gradient
in the stratosphere that developed due to aerosol heating of
the tropics. Similarly, the opposite summer cooling observed
is also produced by the model. Finally, a strong response of
the AO/NAO to historical volcanic forcing in BCM (i.e. in
coupled mode) has been further confirmed in a long transient
simulation of the last 600 years (Otter̊a et al., 2010).

2.2 Experiment design

To validate the model capacity in simulating the expected
changes associated to the volcanic forcing perturbation, we
performed two historical period simulations (1989–2001).
In the first simulation, the model is forced only by the ob-
served CO2 emissions (the same with experiment REF de-
scribed below), whereas the second simulation includes the
Pinatubo eruption forcing introduced in the year 1991. The
1991 Mount Pinatubo eruption forcing is taken from histori-
cal data set ofCrowley et al.(2003).

Next, a total of four future scenario model simulations are
performed with the BCM-C model. Note that prior to all
model simulations, the model has been spun up for more than
1000-years based on constant preindustrial atmospheric CO2
concentration of 284.7 ppmv. Afterwards, the fully coupled
model is simulated from year 1850 to 2019 forced only by
prescribed historical and the SRES-A2 CO2 emission time
series (Marland et al., 2005; Houghton and Hackler, 2002).
The model is then branched out into four separate simula-
tions, while still prescribing the A2 emissions scenario to-
ward the end of the 21st century.

In the first branch, no external forcing is applied, hence it
serves as a reference simulation, REF. Next, we select two
historical volcanic eruptions from the volcanic forcing data
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Fig. 1. Mean global change in aerosol loading (optical depth
at 0.55 µm) applied to simulate the volcanic forcings in the
GEO TAM25, GEO PIN25, and GEOPIN5 experiments.

set ofCrowley 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, GEOTAM25. 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, GEOPIN25.
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, GEOPIN5. Figure1 il-
lustrates the modification in the aerosol loading applied in
experiments GEOTAM25, GEO PIN25, and GEOPIN5,
shown as change in monthly optical depths at 0.55 microns,
in the middle of the visible spectrum. Table1 summarizes 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-
house gases such as H2O and CO2, but both in negligible
amounts compared to the associated concentrations in the
current atmosphere. Thus, only sulfur aerosols are included
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 models (Friedling-
stein et al., 2006; Tjiputra et al., 2010).

3 Results

For the present day simulation, Fig.2 shows that the model
simulates a reduction in the global surface temperature fol-
lowing the 1991 Pinatubo eruptions, which lasts for some
years before returning to the reference value (i.e., as the run
without the Pinatubo eruption). In addition to the aerosol-
associated atmospheric cooling, the simulated atmospheric
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Fig. 2. Time series of global mean surface temperature, atmospheric
CO2 concentration, terrestrial and oceanic carbon uptake for the
1989–2001 period. Shown here are two simulations, with (red lines)
and without (blue lines) the 1991 Mount Pinatubo eruption.

CO2 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 CO2 concentration in the 1990s period persists,
as shown in Fig.2. The reduction in the atmospheric CO2
is predominantly associated to the stronger terrestrial carbon
uptake immediately following the Pinatubo eruption. The
change in oceanic carbon uptake signals is less pronounced,
with a slight increase in the beginning followed by less car-
bon uptake periods as compared to the simulation without
the Pinatubo eruption. This less oceanic carbon uptake is
attributed to the smaller atmospheric-ocean CO2 gradient as
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Table 1. List of the performed experiments with the period of integrations, CO2 emissions, volcanic frequencies, and the integrated change
in aerosol optical depth for each volcanic scenario.

Experiment Period CO2 emissions Volcanic frequency Aerosol loading

REF 1850–2099 Historical, IPCC-A2 none none
HIST PIN 1989–2001 Historical once (1991) 3.6410
GEO TAM25 2020–2099 IPCC-A2 25-year (from 2025) 18.4819
GEO PIN25 2020–2099 IPCC-A2 25-year (from 2025) 10.9229
GEO PIN5 2020–2099 IPCC-A2 5-year (from 2020) 54.7848

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
changes in temperature, atmospheric CO2 concentration, and
carbon uptakes are broadly consistent with earlier studies
(Sarmiento, 1993; Bousquet et al., 2000; Lucht et al., 2002;
Angert et al., 2004). The increase in terrestrial carbon up-
take in our model is dominated by the reduction in the het-
erotrophic respiration due to cooler climate. This is shown
by the increase in high latitude soil carbon content simulated
at year 2001, ten years after the Pinatubo eruption, as shown
in Fig. 3. However, the change in vegetation carbon is more
complicated, with opposite signals (increase and reduction)
occurring in both low latitude and high latitude regions.

In the future scenario simulations, the volcanic forcing
induces cooler surface temperatures immediately following
the perturbation. The largest cooling is simulated over high
latitudes, particularly the Northern Hemisphere, which re-
sults in an enhanced pole-to-equator temperature gradient. In
GEO TAM25, the volcanic forcings induce an average of ap-
proximately one degree cooling in the simulated global mean
surface temperature immediately follow the eruption events.
Similar cooling patterns, which are followed by rapid warm-
ing, are also generated in the sea surface temperature. Fig-
ure4 shows that the cooling effect in GEOTAM25 only lasts
for a few years before the air and SST temperatures return to
the expected warming trends as seen in REF.
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As expected, the simulated short-term cooling effect is
weaker in GEOPIN25 than in GEOTAM25. However,
when the frequency of volcanic forcings is increased,
GEO PIN5, the short-term cooling associated with the first
few volcanic events accumulate and the overall persisted
warming trend is delayed by several decades. Figure4 also
shows that the warming rate in GEOPIN5 is not as sharp as
in the REF with the simulated global air temperature being
approximately one degree lower.

Similar to the temperature, the global mean precipita-
tion also undergoes changes. As a result of a reduction in
incoming SW radiation, the model simulates global reduc-
tions in evaporation and atmospheric water vapor content
(not shown), thus decreasing the global precipitation. Similar
to the temperature signals, the short-term reduction in global
precipitation is strongest in the GEOTAM25 run. Interest-
ingly, by the end of the 21st century, GEOPIN5 simulates
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 and
air temperature are predicted. Figure4 also illustrates that in
GEO TAM25, GEO PIN25, and GEOPIN5 the Arctic sea
ice extent and the Atlantic Meridional Overturning Circu-
lation (AMOC) are expected to decrease toward the end of
the experiment period, closely following the REF simulation.
Again, the GEOPIN5 simulates the least reduction by the
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 GEOTAM25 as com-
pared to the REF. Nevertheless, REF, GEOTAM25, and
GEO PIN25 all project virtually the same atmospheric CO2
concentration by the end of the 21st century (Fig.5). Figure5
also indicates that the volcanic-like forcings induce tempo-
rary increases in oceanic and terrestrial carbon uptakes, with
the land uptake being more pronounced. The terrestrial and
oceanic carbon uptakes simulated by GEOPIN25 generally
resemble that of GEOTAM25, but with weaker amplitudes.

In the GEOPIN5, the volcanic forcings induce a more
pronounced change in the terrestrial carbon uptake than the
oceanic counterpart. For the 2020 to 2099 period, the model
simulates accumulated oceanic and land carbon uptake of
373.1 and 313.5 Pg C, as compared to 377.0 and 215.9 Pg C
simulated in REF (see also Table2). Therefore, to a first or-
der, an increase in terrestrial carbon uptake in GEOPIN5
could explain the simulated 45.6 ppmv lower atmospheric
CO2 concentration at the end of the 21st century (i.e., differ-
ence in terrestrial carbon uptake of 97.6 Pg C approximately
corresponds to 46.7 ppmv).

In the next subsection, we will attempt to quantify
the global climate sensitivity, carbon feedback associated
to the volcanic forcings, and analyze the post-eruption
changes. Due to the relatively small changes simu-
lated in GEOTAM25 and GEOPIN25 compare to REF,
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Fig. 4. Model projection of global mean(a) 2-m surface air tem-
perature,(b) sea surface temperature,(c) precipitation,(d) summer
(September) Arctic sea ice area, and(e) Atlantic Meridional Over-
turning Circulation (AMOC) strength for each experiments.

our post-eruption analysis will be focused more on the
GEO PIN5 results.

3.1 Climate sensitivity and carbon feedback

Here, we analyze the role of volcanic eruptions, focusing
on the aerosol loading added to the atmosphere, in chang-
ing the global temperature and carbon uptake. For the pe-
riod of 2020–2099, experiment REF simulated a change in
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Table 2. Simulated change in global mean temperature (1T ), atmospheric CO2 concentration (1CA ), oceanic (1CO) and terrestrial (1CL )
carbon content, and residual carbon uptake (RO andRL ) computed over the 2020–2099 period.

Experiment 1T [
◦C] 1CA [ppmv] 1CO [Pg C] 1CL [Pg C] RO [Pg C] RL [Pg C]

REF 2.10 454.30 377.03 215.88 0.00 0.00
GEO TAM25 1.99 446.13 377.11 230.15 5.22 10.10
GEO PIN25 2.04 444.81 375.77 235.90 6.25 22.73
GEO PIN5 1.42 408.73 373.09 313.48 23.25 66.95
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Fig. 5. Model projection of annual mean(a) atmospheric CO2 con-
centration,(b) oceanic carbon uptake, and(c) terrestrial carbon up-
take over the 2000–2099 period.

global mean temperature and atmospheric CO2 of 2.1◦C
and 454.3 ppmv, respectively. These quantities yield a cli-
mate sensitivity of 0.0046◦C 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−1 (Friedlingstein et al., 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
CO2 concentration yields the expected change in tempera-
ture of 2.05, 2.05, and 1.88◦C for the three volcanic scenario
simulations. Therefore, by the end of experiment period, the
aerosol loading added into the GEOTAM25, GEO PIN25,
and GEOPIN5 experiments lead to additional cooling of
0.06, 0.01, and 0.46◦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., GEOPIN5).

The volcanic forcings also induce changes in both the
oceanic and terrestrial carbon content. FollowingFriedling-
stein et al.(2006), the change in oceanic and terrestrial car-
bon uptake due to change in temperature and atmospheric
CO2 concentration can be estimated as follows:

1Ci
O = βO 1Ci

A + γO 1T i
+ Ri

O, (1)

1Ci
L = βL 1Ci

A + γL 1T i
+ Ri

L, (2)

where1C represents change in carbon inventory in atmo-
sphere (A), ocean (O), and land (L) for each experimenti.
Here, we include residual terms (Ri

L and Ri
O), 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 atmospheric CO2 (βO/βL)
computed from experiments inTjiputra et al. (2010) are
equal to 0.9346 and 0.9903 Pg C ppmv−1, respectively. Sim-
ilarly the change in ocean and terrestrial carbon content
to temperature change (γO/γL) are equal to−22.6470 and
−111.4349 Pg C◦C−1, respectively. The sensitivity numbers
above are within the range of other Earth system models
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Fig. 6. Latitudinal change in annual mean(a) temperature,(b) precipitation,(c) net primary production,(d) heterotrophic respiration, and
(e) net ecosystem production over land following the volcanic eruption forcing in GEOPIN5. 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 byFriedlingstein et al.(2006). Inserting these num-
ber to Eqs. (1) and (2) yield the oceanic and terrestrial resid-
ual terms for each experiment as summarized in Table2.
Table 2 suggests that the volcanic forcings in all volcanic
simulations induce positive feedback on the oceanic and ter-
restrial carbon cycle (i.e., more carbon uptake). The largest
terrestrial residual term is simulated in GEOPIN5, where the
land takes up approximately additional 66.95 Pg C. Experi-
ment GEOTAM25 yield the smallest increase in terrestrial
carbon uptake of 10.10 Pg C. The difference in the terrestrial
residual terms are not obvious. For example, despite hav-
ing more aerosol loading (see Table1), GEO TAM25 sim-
ulates smaller residual term than GEOPIN25. While the
ocean demonstrates relatively small change in accumulated
carbon uptake in all experiments, the oceanic residual terms
also show distinct variations. For example, an additional up-
take of 23.25 Pg C is simulated in the GEOPIN5, whereas
only 6.25 Pg C is simulated in GEOPIN25, suggesting that
the frequency of the volcanic events is of importance.

3.2 Terrestrial carbon cycle

Fluxes of carbon between the atmosphere and the land are
primarily controlled by the difference between terrestrial
photosynthesis (uptake) and heterotrophic respiration (out-
gassing). In order to analyze the regional change in cli-
mate and carbon cycle over land associated with the erup-
tions, we compute the latitudinal mean change in land
surface air temperature, precipitation, net primary produc-
tion (NPP), soil respiration, and net ecosystem produc-
tion (NEP = NPP− respiration− fire emissions) in the first,
second, third, and fourth years after the volcanic events

(Fig. 6). The mean deviation shown in Fig.6 is computed
from all 16 eruption events in GEOPIN5 as compared to
the year prior to each eruptions. Latitudinal change in pre-
cipitation is well within the standard deviation, suggesting
that regional change in precipitation is generally not signifi-
cant. However, change in the temperature in the first and sec-
ond years show relatively large cooling signals. Changes in
terrestrial carbon parameters appear to be detectable only in
high latitudes. The largest mean cooling period occurs imme-
diately following the volcanic eruption (i.e., first year) with
a mean reduction of nearly 1◦C simulated in some regions
in the Northern Hemisphere. Afterwards the temperature
steadily recovers to the pre-eruption level. This is consistent
with study byBrovkin et al.(2010), which also demonstrates
a pronounced cooling over high latitude Northern Hemi-
sphere landmasses. Also similar to their study, the BCM-C
only simulates a small cooling in the Southern Hemisphere,
essentially caused by the distinct land and ocean distribution
between the two hemispheres.

Over the period when the volcanic forcings are applied,
GEO PIN5 simulates NPP and soil respiration reduction of
approximately 27.7 and 122.8 Pg C as compared to the REF
run. GEOPIN5 also simulates slightly less accumulated car-
bon outgassing associated with fire fluxes of 2.4 Pg C. This
strongly reduced respiration more than offsets the reduced
NPP and essentially leads to increased net terrestrial carbon
uptake of about 97.5 Pg C. By the end of the model simula-
tion, the LPJ simulates increases in soil, litter and vegetation
carbon masses by approximately 34.6, 13.8, and 48.8 Pg C,
respectively in GEOPIN5 when compared to REF.

The net carbon gain by the terrestrial biosphere occurs
mostly in the tropics and mid-latitude Northern Hemisphere.
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Fig. 7. Mean changes (GEOPIN5 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 [Kg C m−2].

We attribute the former to the increase in net primary pro-
duction as shown in Fig.6. On the other hand, the net car-
bon gain in the mid-latitude Northern Hemisphere is domi-
nated by reduced soil respiration due to the simulated cooler
temperatures following the eruption events. An earlier mod-
eling study byJones and Cox(2001) features similar mech-
anisms in the tropics associated with the Mount Pinatubo
eruption. Figure7 shows that the net primary production in-
crease in the tropics leads to an increase in carbon stored in
the vegetation pool, whereas reduced respiration in the mid-
and high-latitude Northern Hemisphere lead to an increased
soil carbon pool in these regions.

3.3 Oceanic carbon cycle

The global carbon uptake by the ocean is not perturbed sub-
stantially by the volcanic eruption forcings. Over the 2020–
2099 period, experiments REF, GEOTAM25, GEO PIN25,
and GEOPIN5 simulate accumulated oceanic carbon uptake
of 377.0, 377.1, 375.8 and 373.1 Pg C, respectively. Nev-
ertheless, regional changes would be expected as a result
of changing climate. In the model, the carbon fluxes from
the atmosphere to the ocean are formulated as a function of
solubility, gas transfer rate, and difference in atmospheric
and oceanic partial pressure CO2 (pCO2) following Wan-
ninkhof(1992). Thus changes in atmospheric circulation and
temperature would alter the solubility and gas transfer rate

parameters in the model, whereas changes in terrestrial car-
bon fluxes would, in addition, contribute to an altered air-sea
pCO2 gradient. Changes in the gas transfer rate turns out to
be relatively small compared to changes in the solubility (not
shown). Figure8 shows that the solubility of CO2 gas in sea-
water is expected to steadily decrease toward the end of the
21st century for all ocean regions, based on experiment REF.
Cooling effects associated with volcanic eruptions in both
the GEOTAM25 and GEOPIN25 can clearly be detected,
increasing the solubility temporarily for a few years follow-
ing the eruptions before returning to the decreasing trend as
in REF. In GEOPIN5, more frequent volcanic forcings are
able to increase and maintain a high solubility until the mid-
21st century before they start to decrease. Interestingly, in
the high latitude Southern Ocean, the solubility parameter
appears to recover towards the end of experiment period.

Despite the delayed solubility reduction simulated in
GEO PIN5, there is no significant increase in global oceanic
carbon uptake (see also Fig.5). In fact, GEOPIN5 sim-
ulates approximately 4 Pg C less uptake than the REF. We
attribute this to the reduction in the atmospheric CO2 con-
centration, associated with a stronger carbon uptake by the
terrestrial reservoir. This lower atmospheric CO2 concen-
tration reduced thepCO2 gradient between the ocean and
atmosphere, thus weakening the oceanic uptake strength.

Another way to explain the relatively small change in the
oceanic carbon uptake to the volcanic forcings is through
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the Revelle factor. The Revelle factor provides a conve-
nient means to calculate changes in sea water chemistry, tak-
ing into account both the anthropogenic carbon uptake and
change in the seawater physical state, such as temperature
(Thomas et al., 2007; Egleston et al., 2010). It is computed as
the change ofpCO2 in seawater for a given change in surface
concentration of dissolved inorganic carbon (DIC). Its value
is indirectly proportional to atmospheric CO2 concentration
and reversely proportional to the temperature of the seawater
(Zeebe and Wolf-Gladrow, 2001). Therefore, given the same
atmospheric CO2 concentration, relatively warm low latitude
oceans generally have lower Revelle factors whereas colder
high latitude oceans have higher Revelle factors (Sabine et
al., 2004). This difference in temperature cause the DIC to
vary, which in turn, indirectly alters the Revelle factor. As
explained in literature (e.g.,Mehrbach et al., 1973; Broecker
and Peng, 1982), the change in temperature alter the dissoci-
ation constant of the chemistry reaction between the differ-
ent carbon species (carbonic acid, bicarbonate, and carbon-
ate), and therefore, perturbed the equilibrium between these
species in seawater. Seawater with high (low) Revelle factor
has low (high) buffer capacity of CO2 in the associated water
mass. For this reason, seawater with low Revelle factor has
a higher capacity in taking up anthropogenic CO2 from the
atmosphere.

Future climate change is associated with raising tempera-
ture and atmospheric CO2 concentration. While higher sea
surface temperature increase the buffer capacity, higher at-
mospheric CO2 does the opposite. It is a balance between

these two factors that control the future oceanic buffer ca-
pacity, and hence the oceanic carbon uptake. Figure9 shows
the area-weighted regional evolution in the Revelle factor,
estimated followingMaier-Reimer and Hasselmann(1987).
While Fig. 8 shows that the volcanic forcings alter the re-
gional solubility of CO2 in seawater considerably, there is
principally no change in the simulated Revelle factor (except
for the Arctic). This suggests that on large scales, the ocean
takes up approximately similar amount of carbon between
the three volcanic experiments in this study. We note that
while the Revelle factor is a useful indicator for estimating
the ocean capacity in absorbing atmospheric CO2, it is im-
portant to keep in mind that the state of the ocean surface
shown here is far from steady state, due to the transient state
of the climate and atmospheric CO2.

With respect to the marine ecosystem, a global decrease
in biological production is expected in the future. Under
warmer climate, stronger stratification and shallower mixed
layer depth would lead to reduced surface macro nutri-
ents, essential for marine productivity (Bopp et al., 2001;
Steinacher et al., 2010). Reduced marine production leads
to reduced export production, which is a mechanism to trans-
port carbon from surface to the deep water, also known as the
“biological pump”. By the end of the 21st century (i.e., aver-
aged over 2090–2099), the REF run simulates a global export
production of 8.0± 0.2 Pg C yr−1, considerably lower com-
pare to the preindustrial value of 9.1± 0.2 Pg C yr−1. Ex-
periments GEOTAM25 and GEOPIN25 produce similar
quantities of 8.1± 0.1 and 8.1± 0.2 Pg C yr−1, respectively,
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Fig. 9. Similar to Fig.8 for the Revelle factor.

whereas GEOPIN5 maintains a relatively higher export pro-
duction of 8.7± 0.3 Pg C yr−1 at the end of this century,
still within the preindustrial variability. Figure10 shows
Hovmöller diagrams of mean latitudinal differences in the
annual export production between each of the perturbed sim-
ulations compared to the REF over the 2020–2099 period.
The future reduction in the export production occurs pre-
dominantly at high latitudes, due to the simulated shallower
mixed layer depth in this regions, consistent with the finding
by Steinacher et al.(2010). However, the mixed layer depth
reduction in the GEOPIN5 is relatively small compared
to the GEOTAM25 and GEOPIN25, mainly due to the
fact that GEOPIN5 experience less SST warming (see also
Fig.4). As a result, the GEOPIN5 run projects higher annual
export production at the Northern and Southern Hemisphere
high latitudes relative to the REF. In the polar latitude South-
ern Ocean, the signal is more difficult to interpret, which is
attributed to the variations in the projected sea-ice in this re-
gions. The pulse in the Equatorial regions could possibly
be due to the impact of the volcanic forcings on the ENSO
cycle. However, the experiment set up in this study is insuf-
ficient to draw any conclusions on how the different volcanic
scenarios affect the future ENSO cycles.

Some studies have shown that the volcanic ash deposition
could potentially lead to micro-nutrient fertilization (particu-
larly iron) and enhance marine biological production locally
following the short period after the volcanic event (Frogner
et al., 2001; Jones and Gislason, 2008; Watson, 1997). How-
ever, a review paper byDuggen et al.(2010) indicates that
the scientific community at present lacks a comprehensive
understanding of the role of volcanic ash on the marine phy-
toplankton growth. In addition, difficulties regarding how to

correctly model the volcanic dust impact on the marine pro-
duction also arise from the diversity of particle dust composi-
tions for the different volcanic sources and from the effects of
volcanic dust on different phytoplankton species. Also, there
are large uncertainties associated with the regional distribu-
tion of aerial volcanic dust deposition to the ocean, since this
is highly dependent on the location of the eruption event. Fi-
nally, potential effects of other toxic trace metals associated
with volcanic dust on various phytoplankton species remain
poorly understood. Therefore, the analysis shown here sim-
ply represents the change in biological production that pre-
dominantly take place due to changes in the physical vari-
ability.

4 Summary and discussion

Future climate and carbon uptake are projected using the
Bergen Earth system model under the SRES-A2 emission
scenario. To study the potential feedback associated with
episodic volcanic forcings within the 21st century, multiple
simulations were performed, applying three different scenar-
ios of volcanic eruptions. In the first scenario, large volcanic
eruptions, comparable to the 1815’s Tambora, are prescribed
for the year 2025, 2050, and 2075. On the second, slightly
weaker eruptions comparable to the 1991’s Pinatubo, are pre-
scribed with the same frequency. On the third, the 1991’s
Pinatubo are prescribed with larger occurrence frequency of
five-years, starting from year 2020.

The introduction of volcanic forcing into the future sce-
nario leads to short term cooling in both the surface tempera-
ture as well as the SST. Figure4 shows that the length of the
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Fig. 10. Hovmöller diagrams of difference in annual marine export production between the three volcanic
scenario simulations (GEO TAM25, GEO PIN25, GEO PIN5) with the reference (REF) run for the
2020–2099 period.
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Fig. 10. Hovmöller diagrams of difference in annual marine ex-
port production between the three volcanic scenario simulations
(GEO TAM25, GEO PIN25, GEOPIN5) with the reference (REF)
run for the 2020–2099 period.

temperature perturbation vary depending on the magnitude
and frequency of volcanic forcings, predominantly by the lat-
ter. In addition,Wigley (2006) andFrölicher et al.(2011)
also suggest that the recovery time of the temperature to the
pre-eruption condition may vary between models depend-
ing on the climate sensitivity. We show that while aerosol
loading indeed induce cooling to the global mean tempera-
ture, over a long period only an experiment with a high fre-
quency of volcanic events simulates a long-lasting impact.
For the preindustrial period,Frölicher et al.(2011) show that
volcanic eruption could considerably alter the atmospheric
CO2 concentration for up to several decades. However, we
find that under business-as-usual future scenario, the back-
ground increase in atmospheric CO2 associated with the an-
thropogenic emissions would dominate.

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 studies (Bousquet et
al., 2000; Jones and Cox, 2001; 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 Cox(2001) andBrovkin et al.(2010),
whereas the study byBousquet et al.(2000) indicates more
terrestrial carbon uptake in the Northern Hemisphere regions
(e.g., north of 45◦ N) 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 “CO2 fer-
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 Fig.3). Addi-
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 CO2. Thus the increase in the tropical
vegetation carbon content shown in Fig.7 is likely driven by
the higher atmospheric CO2 concentrations simulated in the
model future projections.

Over the ocean, the volcanic eruptions reduce the ocean
heat content, and consequently lower the projected SST
(Gregory, 2010). This condition favour stronger atmospheric
CO2 uptake because the solubility of CO2 gas is higher in
colder water, though the solubility effect is partly counter-
acted by a decrease in buffering ability at lower temperatures
(i.e., under colder temperature, there are less occurring disso-
ciation of carbonic acid into carbonate ion, which is impor-
tant for buffering the dissolved CO2 at the ocean surface).
In addition, simultaneous and stronger terrestrial carbon up-
take lead to a reduction in atmospheric CO2, lowering the
pCO2 gradient between the atmosphere and the ocean. On
large-scales, all of these factors contribute to relatively small
changes in the buffer capacity of the seawater, which resulted
in small changes in long-term oceanic carbon uptake among
the different experiments.

We show that while frequent and large volcanic erup-
tions in the future could counteract the anthropogenic global
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warming. This perturbation only last for a short term pe-
riod until the background climate warming trend returns and
come into effect. Our study indicates that geoengineering
methods mimicking the volcanic eruptions would be in prin-
ciple, and if no other reasons would speak against the proce-
dure, reduce the anthropogenic climate change to some ex-
tent. The experiments also show that such methods could
offer some benefits to the Earth system, such as by delay-
ing the future warming rate, increasing anthropogenic carbon
uptake, and slowing down the reduction in marine produc-
tivity. Nevertheless, there remain many unanticipated con-
sequences that could lead to potentially catastrophic conse-
quences. For example, the potential stratospheric ozone de-
struction, potential acid rain, effects on cirrus clouds, im-
pacts of the released volcanic dust on terrestrial and ma-
rine ecosystem (Sarmiento, 1993; Duggen et al., 2010), and
changes in regional atmospheric and ocean circulation that
may need decades or centuries to recover (Jones et al., 2011).
All of these factors remain poorly understood and the recent
geoengineering studies (Matthews and Caldeira, 2007; Jones
et al., 2010; Llanillo et al., 2010) include the warning that,
should geoengineering fail or be stopped abruptly, it could
lead to very rapid climate change, with warming rates up to
20 times greater than present-day rates. Even if such meth-
ods can be deployed successfully, our study suggests that a
high concentration of atmospheric CO2 would remain in the
atmosphere for a long time. Also, since our simulations do
not produce considerable change in oceanic carbon uptake,
the ocean could still be expected to acidify considerably by
the end of the 21st century.

There are also some caveats associated with the model
used in this study. The ocean biogeochemistry model does
not take into account any potential iron fertilization associ-
ated to the dust released by the volcanic eruptions (Duggen
et al., 2010). The current version of the land carbon cycle
model does not take into account change in diffuse light as-
sociated with changes in aerosol loadings.Mercado et al.
(2009) show that changes in the cloud cover arising from vol-
canic eruptions alter the photosynthetically active radiation,
hence the terrestrial carbon balance. The LPJ also does not
implement nitrogen limitation, which could alter the carbon
uptake due to climate change (Bonan and Levis, 2010).
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