
ACPD
12, 8009–8051, 2012

Tropospheric
volcanic aerosol
indirect forcing

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 12, 8009–8051, 2012
www.atmos-chem-phys-discuss.net/12/8009/2012/
doi:10.5194/acpd-12-8009-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Importance of tropospheric volcanic
aerosol for indirect radiative forcing of
climate
A. Schmidt1, K. S. Carslaw1, G. W. Mann1,2, A. Rap1, K. J. Pringle1,
D. V. Spracklen1, M. Wilson1, and P. M. Forster1

1School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK
2National Centre for Atmospheric Science, University of Leeds, Leeds, LS2 9JT, UK

Received: 12 March 2012 – Accepted: 16 March 2012 – Published: 21 March 2012

Correspondence to: A. Schmidt (a.schmidt@leeds.ac.uk)

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

8009

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 8009–8051, 2012

Tropospheric
volcanic aerosol
indirect forcing

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Observations and models have shown that continuously degassing volcanoes have
a potentially large effect on the natural background aerosol loading and the radiative
state of the atmosphere. Here, we use a global aerosol microphysics model to quan-
tify the impact of these volcanic emissions on the cloud albedo radiative forcing under5

pre-industrial (PI) and present-day (PD) conditions. We find that volcanic degassing
increases global annual mean cloud droplet number concentrations by 40 % under PI
conditions, but by only 10 % under PD conditions. Consequently, volcanic degassing
causes a global annual mean cloud albedo effect of −1.06 W m−2 in the PI era but
only −0.56 W m−2 in the PD era. This non-equal effect is explained partly by the lower10

background aerosol concentrations in the PI era, but also because more aerosol par-
ticles are produced per unit of volcanic sulphur emission in the PI atmosphere. The
higher sensitivity of the PI atmosphere to volcanic emissions has an important con-
sequence for the anthropogenic cloud radiative forcing because the large uncertainty
in volcanic emissions translates into an uncertainty in the PI baseline cloud radiative15

state. Assuming a −50/+100 % uncertainty range in the volcanic sulphur flux, we esti-
mate the annual mean anthropogenic cloud albedo forcing to lie between −1.16 W m−2

and −0.86 W m−2. Therefore, the volcanically induced uncertainty in the PI baseline
cloud radiative state substantially adds to the already large uncertainty in the magni-
tude of the indirect radiative forcing of climate.20

1 Introduction

The impacts of volcanic eruptions on Earth’s radiation budget, the environment and hu-
man health have been well documented (e.g., Robock, 2000; Baxter, 2000; Delmelle
et al., 2002; Schmidt et al., 2011). Major explosive volcanic eruptions perturb strato-
spheric aerosol properties and the resulting chemical, microphysical and radiative ef-25

fects have been the subject of intensive investigation for several decades (a compre-
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hensive review is provided by Robock, 2000). Recent advances include the use of
global aerosol microphysics models due to a growing awareness that the evolution of
the particle size distribution is critical to determining the magnitude of simulated climate
forcings (e.g., Timmreck et al., 2009, 2010). In contrast, the atmospheric and climatic
effects of volcanic aerosol released into the troposphere by continuously degassing5

and sporadically erupting volcanoes (hereafter “volcanic degassing”) have only gradu-
ally become of greater interest to the geosciences community (Chin and Jacob, 1996;
Graf et al., 1997, 1998; Stevenson et al., 2003a; Mather et al., 2003b; Textor et al.,
2004; Gassó, 2008; Yuan et al., 2011; Oppenheimer et al., 2011). In their recent re-
view of sulphur degassing from volcanoes, Oppenheimer et al. (2011) concluded that10

“changes in time and space in this “background” emission could represent an important
forcing factor that has yet to be characterized.”

Volcanic degassing provides an important natural source of sulphur to the tropo-
sphere. Estimates of the global sulphur flux range from 0.75 Tg(S) a−1 (Kellogg et al.,
1972) to 25.0 Tg(S) a−1 (Lambert et al., 1988). Andres and Kasgnoc (1998) compiled15

a volcanic sulphur flux inventory that accounts for a flux of 10.4 Tg(S) a−1 based on
flux measurements from 49 continuously and 25 sporadically erupting volcanoes be-
tween 1970 and 1997. The inventory is widely used in atmospheric modelling studies,
such as the AEROCOM international model intercomparison (Dentener et al., 2006).
For comparison, the other natural sources of sulphur are oceanic dimethyl-sulphide20

(DMS) with a flux of 13–36 Tg(S) a−1, biomass burning with a flux of 1–6 Tg(S) a−1,
and land biota/soils with a flux of 0.4–5.6 Tg(S) a−1 (Penner et al., 2001). Thus, vol-
canic degassing in the pre-industrial (PI) era accounts for between 18 % and 42 % of
the total natural sulphur flux, which dominates in the PI era when anthropogenic sul-
phur emissions were very low (0.1 Tg(S) a−1 in the year 1750 in Dentener et al., 2006;25

∼1 Tg(S) a−1 in the year 1850 in Lamarque et al., 2010). In contrast, the present-day
(PD) atmosphere is dominated by an anthropogenic sulphur flux of 46.4 Tg(S) a−1 in
the year 2000 (Lamarque et al., 2010) and of 57.8 Tg(S) a−1 in the year 2005 (Smith
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et al., 2011) hence volcanic degassing presently accounts for around 10 % of the total
global sulphur flux (Stevenson et al., 2003a).

Observations show a clear regional impact of volcanic degassing on aerosol con-
centrations and the micro- and macrophysical properties of clouds. For example, Tu
et al. (2004) reported that the long-range transport of sulphur dioxide (SO2) from5

Miyake-jima volcano in Japan provided a significant source of sulphur to the tropo-
sphere of the central Pacific. Gassó (2008) used satellite retrievals to show that vol-
canic sulphur injected into the lowermost troposphere during weakly explosive volcanic
eruptions may induce significant aerosol indirect effects via the modification of marine
boundary layer clouds. Recently, Yuan et al. (2011) showed that sulphur emissions10

released from Kilauea’s Halema’uma’u Crater on Hawaii affect trade cumulus cloud
amount and cause a regional total shortwave radiative forcing of up to −20 W m−2.
Boulon et al. (2011) provided the first observational evidence of the occurrence of
aerosol nucleation in the 2010 Eyjafjallajökull volcanic plume at a station more than
2500 km downwind of the volcanic vent. Hence, volcanic degassing has a strong po-15

tential to impact cloud amounts and cloud microphysical properties in the troposphere
far away from the actual eruption site.

In general, the climatic impact of volcanic degassing arises through (i) the direct ra-
diative forcing caused by scattering of incoming solar radiation by the additional aerosol
and (ii) the indirect radiative forcing caused by the impact of the additional aerosol on20

cloud condensation nuclei (CCN), hence cloud droplet number concentrations (CDNC)
and the radiative properties of clouds (referred to as aerosol indirect effects). The an-
thropogenic aerosol indirect effects represent one of the largest radiative forcings since
PI times and also contribute most to the uncertainty in the total anthropogenic radia-
tive forcing (Forster et al., 2007). Forster et al. (2007) estimated a cloud albedo ra-25

diative forcing of −0.7 W m−2 with a 5 % to 95 % confidence range of −0.3 W m−2 to
−1.8 W m−2. This uncertainty is principally derived from a range of model studies using
different aerosol species and mixtures. The aim of our study is to quantify the magni-
tude of the cloud albedo effect induced by volcanic degassing. Aerosol also has other
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potential effects on clouds, such as the cloud-lifetime effect (Albrecht, 1989) and the
semi-direct effects (e.g., Hansen et al., 1997) that are more challenging to observe
and model (e.g., Lohmann and Feichter, 2005; Forster et al., 2007). We do not attempt
to quantify the cloud lifetime effect or semi-direct effects, although we note that Gassó
(2008) and Yuan et al. (2011) found cloud changes beyond changes to drop-size due to5

volcanic degassing, which would act to either decrease or increase the radiative forcing
hence add further uncertainty to the total aerosol-cloud effect. However, the necessity
to better quantify the effects of volcanic degassing on global CCN in the troposphere
and the subsequent cloud albedo effect has been stressed previously (Robock, 2002;
Mather et al., 2003b; Gassó, 2008; Oppenheimer et al., 2011; Yuan et al., 2011).10

Previous modelling studies have assessed the relative contribution of volcanic de-
gassing to the global sulphur mass budget (Chin and Jacob, 1996; Stevenson et al.,
2003a) as well as its radiative effects (Graf et al., 1997, 1998; Langmann et al., 1998).
Graf et al. (1997), amongst others, concluded that volcanic sulphur emissions are at
least as important as anthropogenic sulphur emissions with regard to the global sulphur15

cycle and their contribution to the radiative forcing of climate. Langmann et al. (1998)
used a regional chemistry transport model and found that natural sulphur sources
such as DMS and volcanoes account for ∼34 % of the total direct sulphate aerosol
radiative forcing over Europe. However, these earlier studies only assessed the im-
pact of volcanic degassing for PD atmospheric conditions, and not for PI conditions20

when the aerosol background loading was generally lower. Graf et al. (1997) assessed
the impact of volcanic degassing on global cloud radiative perturbations based on the
sulphate aerosol mass generated in the atmosphere and estimated an annual mean
cloud albedo effect that regionally exceeds −3 W m−2. However, as we showed in our
previous modelling of the long-lasting 1783–1784 AD Laki eruption, impacts on CCN25

concentrations and CDNC occur far from the source due to the several days timescale
for oxidation of SO2 to sulphuric acid (H2SO4) vapour and subsequent nucleation and
growth to CCN sizes with changes in sulphate mass alone being an inadequate proxy
(Schmidt et al., 2010).
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Here we use a global aerosol microphysics model (GLOMAP-mode) (Mann et al.,
2010, 2012) together with a radiative transfer code (Edwards and Slingo, 1996) and
the volcanic sulphur emission inventory compiled by Andres and Kasgnoc (1998) to
address the following questions:

1. Is volcanic degassing an important contributor to global cloud condensation nuclei5

and cloud drop number concentrations in the troposphere both in the present-day
and during the pre-industrial era (see Sects. 3.1 and 3.2)?

2. Does volcanic degassing exert a climatically significant cloud albedo effect both
in the present-day and during the pre-industrial era, and how significant is this
contribution in comparison to other natural sulphur sources (see Sect. 3.3)?10

3. Given that background aerosol concentrations were generally lower during the
pre-industrial era when compared to today and given the uncertainty inherent in
the volcanic emission inventories, what uncertainties arise for the assessments
and magnitude of both the anthropogenic cloud albedo forcing and the total cloud
albedo forcing (see Sect. 3.4)?15

2 Methods

2.1 Model description

The GLObal Model of Aerosol Processes (GLOMAP) is a particle size-resolving global
aerosol microphysics model (Spracklen et al., 2005a, b) which is embedded in the
chemical transport model TOMCAT (Stockwell and Chipperfield, 1999; Chipperfield,20

2006). Here, we use the two-moment modal version of the model (GLOMAP-mode)
described and evaluated in Mann et al. (2010, 2012). GLOMAP-mode treats microphys-
ical processes such as binary homogeneous nucleation, hygroscopic growth, coagu-
lation, condensation, cloud processing (growth of CCN via aqueous-phase sulphate
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production in cloud droplets), as well as dry and wet deposition of particles between a
few nanometres and several micrometres in size.

The horizontal resolution of the model is 2.8◦ × 2.8◦ with 31 hybrid sigma-pressure
levels extending from the surface to 10 hPa in the vertical. The model is driven by mete-
orological fields specified from European Centre for Medium-Range Weather Forecasts5

(ECMWF) analyses at 6-h intervals (Uppala et al., 2005; Dee et al., 2011). All simula-
tions were run for twelve months specifying the same meteorological fields for the year
2004 in order to ensure consistency between the runs.

The aerosol size distribution is simulated using seven log-normal modes: hy-
groscopic nucleation, Aitken, accumulation and coarse modes plus nonhygroscopic10

Aitken, accumulation, and coarse modes. The aerosol components are sulphate, sea-
salt, organic carbon (OC), black carbon (BC) and mineral dust. We run the model with
the same parameter set-up described in Mann et al. (2012) except that here co-emitted
BC/OC use the coarser size settings recommended by Stier et al. (2005), which im-
proves comparisons with CCN observations (Spracklen et al., 2011). The chemistry15

scheme used here is described in Breider et al. (2010) which has DMS, SO2 and
monoterpene oxidation driven by a chemistry scheme that includes Ox−NOy−HOx,
C1–C3 non-methane hydrocarbons and isoprene reactions. Briefly, in the troposphere,
gas-phase H2SO4 is produced via the oxidation of SO2 by the hydroxyl radical (OH)
that leads to additional sulphate aerosol mass via vapour condensation and also more20

aerosol number via nucleation. Aqueous-phase sulphate production in cloud droplets
is simulated via reactions of dissolved SO2 with dissolved hydrogen peroxide (H2O2)
and ozone (O3).

The emission inventories for both the PI and the PD runs are as follows:
12.58 Tg(S) a−1 volcanic SO2 using the Andres and Kasgnoc (1998) inventory fol-25

lowing recommendations of Dentener et al. (2006) (for details refer to Sect. 2.2);
17.1 Tg(S) a−1 DMS (Kettle and Andreae, 2000) assuming a sea-air transfer velocity
parameterisation of Nightingale et al. (2000). Sea spray emissions are interactive in
the model, driven by the wind speed at each timestep using the Gong (2003) size-
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resolved source function. Monthly mean emission fluxes from Guenther et al. (1995)
drive a transported monoterpene tracer in the model which oxidises to form biogenic
secondary organic matter via uptake to the aerosol of a condensable organic tracer
(as in Spracklen et al., 2006). Daily varying mineral dust emissions for the year 2000
are included following Dentener et al. (2006). Mineral dust is emitted into the insoluble5

accumulation and insoluble coarse modes. For the PD runs we additionally included
anthropogenic SO2 emissions from Cofala et al. (2005) with 24.1 Tg(S) a−1 from power
stations, 19.6 Tg(S) a−1 from industrial processes, 5.7 Tg(S) a−1 from transportation,
and 4.6 Tg(S) a−1 from domestic consumption. For the PD runs, monthly varying SO2
emissions from biomass burning are from Van der Werf et al. (2003) and account for10

2.1 Tg(S) a−1. Annual mean BC and OC emissions from fossil fuel and biofuel sources
are from Bond et al. (2004), and monthly varying BC and OC emissions from wildfires
are from Van der Werf et al. (2003), which in total account for a global flux of 8.0 Tg a−1

for BC and 49.2 Tg a−1 for OC. For the PI runs, we use monthly varying biomass burning
SO2, BC and OC emissions for the year 1750 from Dentener et al. (2006) accounting15

for a total global flux of 1.37 Tg(S) a−1 for SO2, 1.03 Tg a−1 for BC and 12.8 Tg a−1 for
OC. Fossil fuel and biofuel emissions are set to zero in the PI runs.

2.2 Volcanic degassing inventory and uncertainties

The Andres and Kasgnoc (1998) inventory (Fig. 1) accounts in its original form for
a global sulphur flux of 10.4 Tg(S) a−1. For AEROCOM, the inventory accounts for a20

global sulphur flux of 12.58 Tg(S) a−1 (following recommendation of Graf et al., 1998;
and Textor et al., 2004 to scale the inventory). It is known that sub-grid scale nucleation
occurs in both volcanic and industrial plumes (Allen et al., 2002; Brock et al., 2002),
hence in the model we include 2.5 % of the emitted SO2 as sub-grid sulphate adding
to particle number and mass in the accumulation and coarse modes (using the size25

settings recommended by Stier et al., 2005).
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Andres and Kasgnoc (1998) noted that their inventory is likely an underestimate as
only 74 volcanoes are considered (i.e. the ones that featured flux measurements). For
comparison, the Smithsonian’s Global Volcanism Program (http://www.volcano.si.edu/
world/summary.xls) lists more than 200 subaerial volcanoes that erupted during the
20th century – a criterion that could be used to declare a volcano as active. Textor5

et al. (2004) noted that difficulties in extrapolation to account for volcanoes that are
not monitored leads to an uncertainty in the estimated magnitude of the annual mean
volcanic sulphur flux. Pfeffer et al. (2006) also noted that global volcanic emission in-
ventories extrapolated from measurements at individual volcanoes are likely to under-
estimate the total global volcanic sulphur flux. In addition, although the volcanic sulphur10

flux has been estimated for PD conditions, the emissions at individual volcanoes are
often highly variable (e.g., Oppenheimer et al., 2011), and could have been higher or
lower in the PI era. Based on previous estimates of the volcanic flux strength (Graf
et al., 1997, 1998; Halmer et al., 2002; see also review by Textor et al., 2004, Table 2)
it seems reasonable to halve and double the Andres and Kasgnoc (1998) inventory for15

the purpose of a sensitivity study. Graf et al. (1997) provided a detailed assessment of
the global mean volcanic sulphur flux strength and its uncertainty range and estimate a
flux range of 14± 6Tg(S) a−1, which is close to what we consider to be plausible upper
and lower limits of the volcanic flux strength in our study. For a comprehensive review
of “volcanism in space and time” see also Simkin (1993).20

2.3 Treatment of aerosol activation and model evaluation

Cloud condensation nuclei are a subset of the entire aerosol population that would
nucleate to cloud droplets for a given supersaturation. Here, CCN are counted as hy-
groscopic particles with a dry radius larger than 35 nm, which is equivalent to particles
that would activate into cloud droplets at 0.22 % supersaturation (assuming sulphate25

composition). A change in CCN number concentrations at low and mid-level cloud alti-
tude can subsequently mediate a cloud-radiative effect via the change in CDNC. Note
that we do not account for dynamics-induced changes in CCN. Nober et al. (2003)
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showed that such feedbacks are potentially important, however the aim of our study is
to quantify first-order effects of volcanic degassing on global CCN number concentra-
tions. In GLOMAP, CDNC is calculated in a post-processing step using a physically-
based aerosol activation scheme (Nenes and Seinfeld, 2003; Barahona et al., 2010)
as evaluated and described by Pringle et al. (2009). This off-line CDNC approach is5

based on monthly mean size distributions using an updraught velocity of 0.3 m s−1 over
land areas and of 0.15 m s−1 over the oceans. Updraught velocities of 0.1–0.3 m s−1

are most commonly observed in stratus clouds (e.g., Gultepe and Isaac, 1999; Peng
et al., 2005). Our approach follows Karydis et al. (2011) and our choice of updraught
velocities has been shown to provide a good approximation of mean CDN (Fountoukis10

et al., 2007; Karydis et al., 2011). It should be noted that, as with many other aerosol
activation schemes (e.g., Chen and Penner, 2005; Roelofs et al., 2006), the employed
scheme does not account for droplet collision-coalescence (i.e. no droplet loss rate),
thus CDN concentrations are shown at cloud-base altitude.

In Fig. 2 we show the evaluation of the ability of GLOMAP-mode to simulate CCN15

number concentrations. Such an evaluation is important because the sensitivity of CCN
number and CDN concentrations to changes in the volcanic sulphur flux is strongly
dependent on background CCN/CDN number concentrations. In general, the higher
background CCN/CDN concentrations are, the lower the relative change in CCN/CDN
concentrations for the same change in e.g., volcanic sulphur flux (Lohmann and Feich-20

ter, 2005). To evaluate the model’s skill we use the CCN observations compiled by
Spracklen et al. (2011) and apply the same methodology as described there. Briefly,
we compare modelled and observed CCN concentrations by accounting for both the
month and the supersaturation of each measurement. Figure 2a shows that under PD
conditions the model shows reasonable agreement with the observations (Pearson’s25

correlation r = 0.60 and a normalised mean bias (NMB) of −38.2 %). By using CCN
observations made in the marine boundary layer only (Fig. 2b), we test the model’s
skill in predicting CCN under more remote atmospheric conditions, and found good
agreement with r = 0.45 and a NMB of 24.2 %.
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2.4 Radiative transfer code

The cloud albedo effect is calculated with the off-line version of the Edwards and
Slingo (1996) radiative transfer model. A monthly mean climatology, with a 144 (lon-
gitude)×72 (latitude)×23 (altitude) resolution for water vapour, temperature and O3
data (based on ECMWF reanalysis) together with surface albedo and low, middle and5

high cloud fields (averaged over the period 1983–2005) from the International Satellite
Cloud Climatology (ISCCP) is employed (for details see Rap et al., 2010; Spracklen
et al., 2011). The cloud albedo effect between a control and a perturbed experiment is
quantified by modifying the cloud drop effective radius re (in µm), for low and mid-level
water clouds (up to 600 hPa) only, as follows:10

rperturbed
e = rcontrol

e × (CDNCcontrol/CDNCperturbed)1/3 (1)

where CDNC (in cm−3) is the cloud droplet number concentration calculated from
GLOMAP-mode and a fixed value for rcontrol

e = 10 µm is considered in order to ensure
consistency with the ISCCP cloud retrievals.

2.5 Model experiments15

We conduct two sets of model runs:

1. With and without volcanic emissions for PI and PD atmospheric conditions, with
the volcanic emissions as defined in the Andres and Kasgnoc inventory and fol-
lowing the recommendations of Dentener et al. (2006). We refer to these runs as
PI vol and PI no vol and PD vol and PD no vol. The emission inventories used20

for these runs are described in Sect. 2.1 above. These runs enable us to quantify
the contribution of volcanic degassing to the PI and PD cloud albedo effect.

2. Sensitivity runs in which the Andres and Kasgnoc inventory is halved and doubled.
We refer to these runs as PI vol×0.5, PI vol×2.0, PD vol×0.5 and PD vol×2.0.
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The paired runs PI vol and PD vol, PI vol×0.5 and PD vol×0.5 and PI vol×2.0 and
PD vol×2.0 allow the anthropogenic cloud albedo radiative forcing to be calculated
under the assumption that the volcanic emissions did not change between PI and PD.
Other combinations of paired runs such as PI vol×0.5 and PD vol×2.0 provide an
estimate of the total cloud albedo radiative forcing of changing anthropogenic and vol-5

canic emissions. Note that the assessment of the PI aerosol-cloud state is of specific
interest because it constitutes the baseline upon which the magnitude of the cloud
albedo forcing due to anthropogenic aerosol is assessed (following the method used
by the IPCC, see Forster et al., 2007).

3 Results and discussion10

3.1 Contribution of volcanic degassing to cloud condensation nuclei

Several observations at continuously degassing volcanoes have shown that volcanic
aerosol particles act as CCN in the troposphere (e.g., Mather et al., 2003a, b, 2004;
Mather, 2008). However, the global impact of volcanic degassing on CCN has not been
quantified (Oppenheimer et al., 2011). Table 1 provides an overview of the global,15

hemispheric and regional annual mean PI and PD CCN number concentrations at
cloud-base altitude (∼1 km) for the simulations with and without volcanic emissions.
Additionally, Fig. A1 (Appendix) shows the spatial distribution of the annual mean CCN
concentrations. Without volcanic emissions, GLOMAP-mode simulates global annual
mean CCN concentrations at cloud-base of 96 cm−3 for PI and 237 cm−3 for PD. Includ-20

ing volcanic emissions increases global mean CCN number concentrations by ∼43 %
for PI and by ∼12 % for PD (i.e. to ∼137 cm−3 and to ∼264 cm−3, respectively). In other
words, at cloud-base, volcanic emissions contribute ∼30 % to PI global annual mean
CCN, whereas they contribute only ∼10 % in the PD. For comparison, Woodhouse
et al. (2010) used the same aerosol model and estimated that under PD conditions,25

DMS contributes ∼7 % to global annual mean CCN concentrations when compared
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to a model run where DMS emissions were omitted (M.T. Woodhouse, personal com-
munication, 2012). Thus, taking into account the ratio of the global volcanic to DMS
sulphur flux (12.6 Tg(S) to 17.1 Tg(S)), volcanic emissions are nearly twice as effective
as DMS emissions at contributing to global CCN concentrations under PD conditions.

The uncertainty range in CCN caused by the −50 %/+100 % uncertainty in the vol-5

canic flux strength is also given in Table 1. The relative changes in CCN concentrations
are non-linear: the greater the change in volcanic sulphur flux, the less effectively these
emissions contribute to global CCN. For example, doubling the emissions increases
global annual mean CCN concentrations by ∼66 % for PI and ∼18 % for PD (i.e. to
∼159 cm−3 and to ∼280 cm−3, respectively) when compared to the simulations without10

volcanic emissions. Our findings are reinforced by Gunson et al. (2006) who also found
a non-linear response of the aerosol-cloud-climate system for halving and doubling
DMS emissions under PD conditions.

To help understand what drives this non-linear CCN sensitivity to volcanic SO2 emis-
sions, we analyse diagnostics for the sulphur fluxes through the chemical and micro-15

physical processes (Table 2). The annual global mean sulphur budgets reveal that
aqueous-phase oxidation of SO2 dominates over the gas-phase oxidation of SO2 by a
factor of 9.0 for PI and a factor of 4.3 for PD conditions when excluding volcanic emis-
sions, and by factors of 4.4 (PI) and 3.8 (PD) when including volcanic emissions. In
contrast, a 100 % increase in the sulphur flux from volcanoes results in the gas-phase20

oxidation of SO2 becoming more important relative to the aqueous-phase oxidation of
SO2 (i.e. factors of 3.0 (PI) and 3.3 (PD) between aqueous-phase and gas-phase oxi-
dation). Most of the volcanic sulphur is emitted well above the boundary layer into the
free troposphere (Fig. 1) where OH is the dominant oxidant, thus explaining the shift to-
wards gas-phase oxidation. The stronger gas-phase oxidation of SO2 produces more25

H2SO4 vapour which subsequently increases nucleation of new particles. The more
numerous, small particles which result, compete with each other and with pre-existing
aerosol for the available H2SO4 vapour. As a result, in relative terms, fewer particles
grow to CCN-sizes for a doubling of the volcanic sulphur flux, hence explaining the
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non-linear increase in CCN (Table 1). Thus, key processes governing the production of
additional climate-relevant CCN-sized particles from volcanic degassing are nucleation
and condensation, which in turn are driven by the relative balance of gas-phase oxi-
dation to aqueous-phase oxidation of SO2. The results demonstrate that the balance
between these chemical and microphysical processes shifts even under modest per-5

turbations to the magnitude of the volcanic sulphur flux. As outlined earlier, changes
in CCN concentrations derived from changes in DMS appear to be less sensitive. The
less effective conversion of DMS-derived sulphur to CCN is the result of the greater
proportion of SO2 being oxidized in the aqueous-phase (most volcanic SO2 is injected
into the free troposphere), thus not increasing the number concentration of CCN-sized10

particles (M. T. Woodhouse et al., personal communication, 2012).

3.2 Contribution of volcanic degassing to cloud droplet number

Given the substantial contribution of tropospheric volcanic aerosol to global CCN num-
ber concentrations, we next assess its impact on CDNC using a physically-based
aerosol activation scheme (Nenes and Seinfeld, 2003; Barahona et al., 2010).15

Figure 3 shows the impact of volcanic degassing on zonal mean CDNC at cloud-base
altitude for PI (solid blue line) and PD (solid grey line). The blue and grey shading shows
the impact of the −50 %/+100 % uncertainty in the volcanic sulphur source strength.
Under PD conditions, simulated zonal mean CDNC peaks at ∼304 cm−3 at 30◦ N when
including volcanic emissions; an increase of ∼5 % compared to the PD no vol simu-20

lation. In contrast, for PI conditions zonal mean CDNC peaks at ∼159 cm−3 at 15◦ S;
an increase of ∼40 % compared to the PI no vol simulation. Thus, volcanic degassing
causes a greater relative change in CDNC during PI atmospheric conditions compared
to PD conditions. This PI to PD difference is particularly apparent in the latitude band
10◦ N–30◦ N, where anthropogenic emissions substantially increase background CDNC25

in the PD no vol simulation. When accounting for the −50 %/+100 % uncertainty, PI
CDNC increases by 32–80 % in this latitude band, but only by 5–13 % for PD condi-
tions when compared to the respective PI and PD no vol simulations.
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The impact of volcanic degassing on global and hemispheric annual mean CDNC
is shown in Table 3. Under PI conditions, global mean CDNC is ∼76 cm−3 without vol-
canic emissions and ∼107 cm−3 when including volcanic emissions; an increase of
∼40 %. By contrast, under PD conditions, global mean CDNC rises from ∼158 cm−3 in
the PD no vol simulation to ∼174 cm−3 in the PD vol simulation; an increase of only5

∼10 %. Thus, globally averaged, volcanic emissions cause a four times larger percent-
age increase in CDNC in the PI era compared to PD. This finding has implications for
the aerosol indirect effects on climate induced by volcanic degassing during the PI era
and the PD because as illustrated in Fig. 4a, it is the relative change in CDNC that
governs the magnitude of the cloud albedo effect.10

The spatial distribution of CDNC for the runs with and without volcanic emissions are
shown in Fig. 5. The absolute changes shown in Fig. 5e, f highlight that volcanic sul-
phur emissions play an important role in modulating cloud microphysical properties in
regions with persistent stratocumulus cloud decks as well as in those with trade cumu-
lus cloud cover. For example, along the subtropical west coast of South America (area15

is indicated by the green boxes in Fig. 5e, f) we find annual mean absolute CDNC
changes of ∼50 cm−3 in the PI, and of ∼35 cm−3 in the PD, corresponding to mean
relative increases of ∼51 % and ∼29 %, respectively. Yuan et al. (2011) used satellite
retrievals to show that the prolonged release of sulphur from Kilauea’s Halema’uma’u
Crater on Hawaii affected trade cumulus cloud amounts and their microphysical proper-20

ties. Around the Islands of Hawaii (area is indicated by the green boxes in Fig. 5e, f) we
find mean absolute CDNC changes of ∼65 cm−3 (corresponding to a mean increase
of 81 %) in the PI era, and mean absolute changes of ∼40 cm−3 (corresponding to a
mean increase of 27 %) in the PD.

3.3 Contribution of volcanic degassing to the cloud albedo effect25

Given that low-level clouds play a major role in the modulation of the Earth’s radia-
tion budget (e.g., Klein and Hartmann, 1993; Forster et al., 2007), we next assess the
magnitude of the cloud albedo effect induced by volcanic degassing. To assess the
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net impact of volcanic degassing (i.e. combined longwave and shortwave effects) on
the radiative balance at the top-of-the-atmosphere the cloud albedo effect for low and
mid-level cloud changes (up to 600 hPa) is calculated and shown in Fig. 6. Addition-
ally, Table 4 lists the hemispheric mean cloud albedo effects including their uncertainty
ranges (that arise from halving and doubling the volcanic emission inventory) for PI and5

PD.
In the PI era, volcanic degassing induces a global annual mean cloud albedo effect of

−1.06 W m−2, whereas under PD conditions, we calculate a global annual mean cloud
albedo effect of −0.56 W m−2. This difference in the magnitude of the volcanically in-
duced cloud albedo effect between PI and PD (that results even if one assumes a con-10

stant volcanic sulphur source strength) arises from differences in the baseline aerosol
concentrations and from differences in the CCN formation processes as discussed in
Sect. 3.2. Most simply, for the same absolute increase in volcanic aerosol loading,
relative CDNC changes are less in the PD due to high background aerosol concentra-
tions compared to the PI with lower background aerosol concentrations (Fig. 4a) (e.g.,15

Lohmann and Feichter, 2005; Mahowald et al., 2011). However, as noted in Sect. 3.2,
absolute changes in global mean CDNC are also less in the PD (174 cm−3 versus
158 cm−3, difference 16 cm−3) compared to the PI (107 cm−3 versus 76 cm−3, differ-
ence 31 cm−3). Ultimately, this PI to PD difference in the impact of volcanic degassing
on CDNC results in a form of forcing that has to be accounted for in assessments of20

the anthropogenic aerosol indirect forcing of climate.
To put our results in context, Thomas et al. (2010) quantified DMS-induced changes

in cloud microphysical properties and estimated a global annual mean total aerosol ef-
fect of −2.03 W m−2 (i.e. direct + indirect effect) due to the presence of DMS emissions
under PD atmospheric conditions (compared to our cloud albedo effect of −0.56 W m−2

25

due to volcanic degassing). Graf et al. (1997) found that under PD conditions, the an-
nual mean cloud albedo effect due to DMS emissions to exceed −3 W m−2 in several
regions of the extra-tropical Southern Ocean where biological activity is most preva-
lent. In comparison, we calculate a maximum volcanically-induced annual mean cloud
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albedo effect of −6.67 W m−2 and −3.99 W m−2 along the west coast of South America
for PI and PD, respectively.

Graf et al. (1997) and Graf et al. (1998) showed that different sulphur sources exert
strongest effects in different regions and different seasons (the latter has not been as-
sessed in our study). For the volcanic source, we find a profound mean cloud albedo5

effect in the tropical zone (−1.62 W m−2 for PI and −0.89 W m−2 for PD). Furthermore,
we find that the volcanically-induced PD cloud albedo effect is only one-third of that
in the PI era when averaged over the Northern Hemisphere (Table 4). In other words,
the “climate cooling potential” of tropospheric volcanic aerosol is effectively at least
halved under PD conditions mainly due to the presence of anthropogenic aerosol pol-10

lution. Comparing our results (Fig. 6) to those in Graf et al. (1997, Fig. 7), differences
in the spatial pattern of the cloud albedo effect are apparent. We calculate a large
cloud albedo effect over stratocumulus cloud regions whereas Graf et al. (1997) found
a much reduced effect in those regions. These differences could be attributed to (i) the
fact that observationally derived cloud fields from ISCCP (Rossow and Schiffer, 1999)15

have been used in our study whereas Graf et al. (1997) used cloud fields predicted
by their climate model, and (ii) the fact that Graf et al. (1997) used an empirical re-
lationship between sulphate aerosol mass and CDN (Boucher and Lohmann, 1995)
whereas we use a physically-based aerosol activation scheme (Nenes and Seinfeld,
2003; Barahona et al., 2010).20

Yuan et al. (2011) used satellite retrievals to show that emissions from Kilauea’s
summit vent (Hawaii) induced a regional cloud albedo effect of up to −4 W m−2. Using
a global aerosol microphysics model, we calculate an annual mean cloud albedo effect
around the Islands of Hawaii of −2.32 W m−2 (uncertainty range −1.48 to −3.17 W m−2)
for PI, and of −1.07 W m−2 (uncertainty range −0.64 W m−2 to −1.68 W m−2) for PD.25

Note that our estimate of the radiative effects will be partly due to volcanic sulphur
emissions from Hawaii and partly due to long-range transport of aerosol from other
volcanoes. In the model, we emit a total of ∼2600 t of SO2 per day in the gridboxes
above Hawaii accounting for emissions from both the Kilauea’s summit and east rift
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zone vents. Therefore, the comparison of our model estimate to the Yuan et al. (2011)
study is for qualitative purposes only.

Boulon et al. (2011) suggested that using a binary homogeneous H2SO4-H2O nucle-
ation scheme (Kulmala et al., 1998), as has been done in our study, will underestimate
the climate impact induced by volcanic degassing because these authors observed5

very high nucleation rates in the boundary layer following the 2010 Eyjafjallajökull erup-
tion (Iceland). We carried out additional PD runs that included a widely used empirical
approach to account for boundary layer nucleation (BLN) (e.g., Spracklen et al., 2006;
Merikanto et al., 2010). We found that including BLN reduces the relative increase
in CDNC due to volcanic degassing because baseline CDNC are higher than in the10

PD no vol run that neglected BLN. Consequently, we calculate a global annual mean
cloud albedo effect that is ∼12 % lower than that calculated for the PD runs without
BLN, which is in contrast to what has been concluded by Boulon et al. (2011). Clearly,
Boulon et al. (2011) made an important observation, however as long as we do not
fully understand the precise nucleation mechanism operating, no conclusive statement15

can be made regarding the importance of BLN in affecting the magnitude of the climate
impact of volcanic degassing.

3.4 Importance for aerosol indirect forcing of climate

Intergovernmental Panel on Climate Change (IPCC) assessment reports (e.g., Forster
et al., 2007) summarize estimates of the radiative forcing (RF) due to changes20

in aerosol since the PI era. Firstly, we provide an estimate of the magnitude of
the anthropogenic cloud albedo RF under the assumption that the volcanic sulphur
source strength did not change between PI and PD, but also taking into account the
−50 %/+100 % uncertainty range in the volcanic flux. Secondly, we also calculate the
magnitude of the total cloud albedo RF (i.e. volcanic and anthropogenic) assuming25

that the volcanic sulphur source strength changed between PI and PD. There is no
observational evidence for a temporal change in the volcanic sulphur source strength.
However, we believe such a change also cannot be discounted given the large inter-
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annual variability in the emissions observed at some of the largest volcanic sulphur
sources.

We calculate a global annual mean cloud albedo RF due to anthropogenic aerosol of
−1.08 W m−2 (Fig. 7, red symbols), which is well within the range of the IPCC estimate
of −0.3 to −1.8 W m−2 (Forster et al., 2007). Assuming the volcanic sulphur flux is5

only 50 % of that in Andres and Kasgnoc (1998) (but constant over the PI-PD period)
we calculate a higher anthropogenic RF of −1.16 W m−2 primarily because aerosol
concentrations in the PI baseline are lower (Sects. 3.1 and 3.2). Similarly, assuming
the volcanic flux is double that reported in Andres and Kasgnoc (1998), the calculated
RF is reduced to −0.86 W m−2.10

Assuming that the volcanic sulphur flux strength changed between PI and PD, the
magnitude of the total cloud albedo RF (from changes in volcanic and anthropogenic
emissions) is shown by the black symbols in Fig. 7. Clearly, the highest total cloud
albedo RF (−1.64 W m−2) results under the assumption that during the PI, volcanic
emissions were at a plausible lower limit and at a plausible upper limit during the PD,15

and the lowest forcing (−0.38 W m−2) results when the opposite is the case. These
are extreme end-members of many reasonable changes in the volcanic sulphur flux
strength within what we consider plausible upper and lower limits of −50 %/+100 %.

The high sensitivity of the PI baseline cloud radiative state to volcanic degassing
together with the uncertainties in the volcanic flux strength play an important role in20

assessments of the PD cloud albedo forcing (Fig. 4b). In fact, the above-calculated
uncertainty range arises solely from our incomplete knowledge of the magnitude of
the global volcanic sulphur flux between PI and PD, and is comparable to the IPCC’s
total aerosol indirect radiative forcing uncertainty estimate (−0.3 W m−2 to −1.8 W m−2,
Forster et al., 2007). Note that further uncertainties in the magnitude of the anthro-25

pogenic cloud RF arise from uncertainties in the PI and PD baselines, which could
originate from other poorly defined changes in natural emissions such as terpenes
released from vegetation or from not accounting for certain sources such as fungal
spores (Carslaw et al., 2010, and references therein).
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4 Conclusions

We have used a global aerosol microphysics model to quantify the impact of continu-
ously degassing and sporadically erupting volcanoes on global CCN, global CDNC, the
radiative properties of low and mid-level clouds and the cloud albedo radiative forcing
between pre-industrial (PI) and present-day (PD). By halving and doubling the volcanic5

emission inventory (Andres and Kasgnoc, 1998) we aimed to provide an uncertainty
assessment to draw attention to the importance of tropospheric volcanic aerosol in
assessments of the aerosol indirect forcing of climate.

Our model simulations showed that tropospheric volcanic aerosol is an important
natural contributor to climate-relevant CCN-sized particles at cloud-base altitude on a10

global scale. We have shown that volcanic degassing can substantially alter the mi-
crophysical properties of low and mid-level clouds and our results corroborate recent
evidence of volcanically induced aerosol-cloud effects on regional scales deduced from
satellite retrievals (Gassó, 2008; Yuan et al., 2011).

Globally averaged, volcanic emissions have about a four times larger percentage im-15

pact on cloud droplets in the PI era compared to PD (Table 3). Consequently, volcanic
degassing induces a global annual mean cloud albedo effect of −1.06 W m−2 under
PI conditions but only −0.56 W m−2 in the PD (Table 4). This non-equal effect is ex-
plained partly by the lower background aerosol concentrations in the PI era, but also
because more aerosol particles are produced per unit of volcanic sulphur flux in the PI20

atmosphere. Such findings have implications for the “climate cooling potential” of tro-
pospheric volcanic aerosol during the past, the present and in future with the induced
cloud albedo effect in the polluted PD Northern Hemisphere being only one-third of that
in the PI era (Table 4).

The higher sensitivity of the PI atmosphere to volcanic emissions has an important25

consequence for the anthropogenic cloud radiative forcing because the large uncer-
tainty in volcanic emissions translates into an uncertainty in the PI baseline cloud ra-
diative state from which the anthropogenic cloud albedo forcing is calculated (Fig. 4b).
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We estimated the annual mean anthropogenic cloud albedo forcing to lie between
−0.86 W m−2 and −1.16 W m−2 (red symbols in Fig. 7). Therefore, estimates of the
present-day anthropogenic cloud albedo forcing are sensitive to the uncertainties in
the source strength of volcanic degassing even under the assumption that the flux re-
mained constant between PI and PD. If we assume the volcanic sulphur flux strength5

changed between PI and PD within its plausible upper and lower limits, then the mag-
nitude of the total cloud albedo forcing (i.e. volcanic and anthropogenic component)
could lie between −0.38 W m−2 and −1.64 W m−2 (black symbols in Fig. 7) – compara-
ble to the total cloud albedo IPCC radiative forcing uncertainty estimate of −0.3 W m−2

to −1.8 W m−2 (Forster et al., 2007). Forster et al. (2007) did not explicitly account for10

this baseline effect, which suggests that (i) the uncertainty in the PI baseline is one of
the largest contributors to the total indirect radiative forcing, and (ii) a more complete
uncertainty analysis may significantly increase the IPCC uncertainty range. Therefore,
our study highlights the urgent need for a future comprehensive uncertainty analysis in
assessments of the aerosol indirect forcing of climate.15

In our model, volcanic degassing makes a more effective contribution (per unit of sul-
phur flux) to CCN concentrations than other natural sulphur sources such as oceanic
DMS (see Woodhouse et al., 2010 for the comparison). Given these findings, implica-
tions arise for the assessment of the state of the climate system throughout Earth’s
history. For example, Kump and Pollard (2008) suggested that the mid-Cretaceous20

“greenhouse climate” could have been amplified by a diminished biogenic activity which
subsequently led to a decrease in biogenically-derived CCN number concentrations,
hence a lower cloud amount and albedo. However, volcanic activity varied in location
and magnitude throughout Earth’s history and potentially provided an important source
of CCN − one of the aerosol-cloud processes that remains to be included and investi-25

gated in palaeoclimate assessments.
Reducing the uncertainty in estimates of the volcanic flux strength is essential to re-

duce the uncertainty in the magnitude of the cloud albedo effect. Ultimately, large-eddy
simulations that address volcanically induced cloud effects using detailed aerosol-cloud
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microphysical schemes in synergy with for example satellite retrievals should be em-
ployed (Yuan et al., 2011). Yuan et al. (2011) reported potentially substantial effects
of volcanic aerosol from Hawaii on the regional hydrological cycle, which should be
accounted for in a future uncertainty analysis of the total aerosol indirect forcing of cli-
mate. Several recent studies observed high sulphuric acid concentrations (e.g., Schäfer5

et al., 2011; Martucci et al., 2012) and the occurrence of nucleation in the diluted Eyjaf-
jallajökull volcanic plume (Boulon et al., 2011). Therefore, it is also important to better
understand and quantify aerosol microphysical processes including nucleation within
volcanic plumes near the volcanic source and contrast these to processes that occur
in the diluted volcanic plume and the rest of the atmosphere.10
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Fuentes, M., Hagemann, S., Hólm, E., Hoskins, B. J., Isaksen, L., Janssen, P. A. E. M.,
Jenne, R., McNally, A. P., Mahfouf, J. F., Morcrette, J. J., Rayner, N. A., Saunders, R. W.,
Simon, P., Sterl, A., Trenberth, K. E., Untch, A., Vasiljevic, D., Viterbo, P., and Woollen, J.:
The ERA-40 re-analysis, Q. J. Roy. Meteor. Soc., 131, 2961–3012, doi:10.1256/qj.04.176,
2005.30

Van der Werf, G. R., Randerson, J. T., Collatz, G. J., and Giglio, L.: Carbon emissions from fires
in tropical and subtropical ecosystems, Global Change Biol., 9, 547–562, doi:10.1046/j.1365-
2486.2003.00604.x, 2003.

8038

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.1002/qj.49712555714
http://dx.doi.org/10.5194/acp-10-7425-2010
http://dx.doi.org/10.1029/2009GL040083
http://dx.doi.org/10.1029/2010GL045464
http://dx.doi.org/10.1029/2003jd004309
http://dx.doi.org/10.1256/qj.04.176
http://dx.doi.org/10.1046/j.1365-2486.2003.00604.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00604.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00604.x


ACPD
12, 8009–8051, 2012

Tropospheric
volcanic aerosol
indirect forcing

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Woodhouse, M. T., Carslaw, K. S., Mann, G. W., Vallina, S. M., Vogt, M., Halloran, P. R., and
Boucher, O.: Low sensitivity of cloud condensation nuclei to changes in the sea-air flux
of dimethyl-sulphide, Atmos. Chem. Phys., 10, 7545–7559, doi:10.5194/acp-10-7545-2010,
2010.

Yuan, T., Remer, L. A., and Yu, H.: Microphysical, macrophysical and radiative signatures of5

volcanic aerosols in trade wind cumulus observed by the A-Train, Atmos. Chem. Phys., 11,
7119–7132, doi:10.5194/acp-11-7119-2011, 2011.

8039

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-10-7545-2010
http://dx.doi.org/10.5194/acp-11-7119-2011


ACPD
12, 8009–8051, 2012

Tropospheric
volcanic aerosol
indirect forcing

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Cloud concentration nuclei (CCN) number concentrations at low-level cloud altitude
(approx. 970 m above terrain or sea level) for pre-industrial (PI) and present-day (PD). The rel-
ative increases and the relative contributions always refer to the run without volcanic emissions
(i.e. no vol). Here, CCN is counted as soluble particles with a dry radius larger than 35 nm,
which is equivalent to the particles that would activate into cloud droplets at 0.22 % supersatu-
ration (assuming sulphate composition).

CCN (r > 35 nm) no vol vol %increase vol×0.5 %increase vol×2.0 %increase
(cm−3) [%contrib.] [%contrib.] [%contrib.]

pre-industrial (PI)

global mean 96.1 137.2 42.7 [29.9] 122.6 27.5 [21.6] 159.4 65.8 [39.7]
NH mean 92.9 132.8 42.9 [30.0] 116.1 24.9 [19.9] 158.9 71.0 [41.5]
SH mean 99.4 141.6 42.5 [29.8] 129.1 29.9 [23.0] 160.0 60.9 [37.9]
tropics mean [21◦ N–21◦ S] 140.1 204.9 46.3 [31.7] 182.8 30.5 [23.4] 236.3 68.7 [40.7]

present-day (PD)

global mean 236.6 263.8 11.5 [10.3] 253.5 7.1 [6.7] 280.1 18.4 [15.5]
NH mean 314.2 337.1 7.3 [6.8] 327.2 4.1 [4.0] 354.2 12.7 [11.3]
SH mean 158.3 189.9 20.0 [16.7] 179.1 13.2 [11.7] 205.4 29.8 [22.9]
tropics mean [21◦ N–21◦ S] 290.0 336.3 16.0 [13.8] 319.5 10.2 [9.3] 361.2 24.6 [19.7]
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Table 2. Simulated global annual mean sulphur budget showing fluxes (Tg(S) a−1), burdens in
Tg(S) and lifetimes (days). ST2003a refers to Stevenson et al. (2003a) with values in paren-
theses denoting their estimate of the volcanic contribution, and ST2003b refers to the 1860
simulation in Stevenson et al. (2003b). Note, for our study the SO2 fluxes from different sources
are given following the partitioning into SO2 and primary sulphate (see Sect. 2.1 for details).

PD no vol PD vol ST2003a PD vol×0.5 PD vol×2.0
[volcanic

contribution]

SO2 flux (volcanic) 0 12.28 9.00 6.14 24.57
SO2 flux (anthropogenic) 52.85 52.85 71 52.85 52.85
SO2 flux (biomass burning) 1.37 1.37 1.4 1.37 1.37
DMS(O) to SO2 17.09 17.09 12 17.09 17.09

SO2 burden (Tg(S)) 0.22 0.32 0.29 [0.075] 0.27 0.42
SO2 dry deposition 25.13 26.87 30 [0.75] 25.89 29.16
SO2 wet deposition 4.67 7.64 9.2 [1.4] 6.01 11.22
SO2 lifetime (days) 1.13 1.37 1.1 [3.0] 1.25 1.59

gas-phase ox. of SO2(by OH) 7.96 10.40 6.3 [1.0] 9.10 13.19
aq. phase SO2 ox. (by O3 and H2O2) 34.23 39.34 49 [5.85] 37.11 42.97

H2SO4-H2O nucleation 0.008 0.013 – 0.010 0.018
condensation (all modes) 7.92 10.36 – 9.06 13.14
coagulation (all modes) 0.30 0.45 – 0.38 0.59

SO4 burden (Tg(S)) 0.47 0.59 0.81 [0.12] 0.53 0.69
SO4 dry deposition 5.74 6.67 7.1 [0.56] 6.24 7.44
SO4 wet deposition 37.81 44.75 49 [6.2] 41.49 50.71
SO4 lifetime (days) 3.91 4.17 5.3 [6.2] 4.05 4.34

PI no vol PI vol ST2003b PI vol×0.5 PI vol×2.0

SO2 flux (volcanic) 0.00 12.28 8.80 6.14 24.57
SO2 flux (anthropogenic) 0 0 0 0 0
SO2 flux (biomass burning) 0.71 0.71 0.28 0.71 0.71
DMS(O) to SO2 17.07 17.07 12.2 17.07 17.07

SO2 burden (Tg(S)) 0.04 0.13 0.09 0.08 0.23
SO2 dry deposition 2.80 4.15 1.80 3.40 6.36
SO2 wet deposition 1.24 4.01 2.20 2.49 7.48
SO2 lifetime (days) 0.90 1.54 1.60 1.26 1.94

gas-phase ox. of SO2 (by OH) 1.39 3.99 1.90 2.62 7.15
aq. phase SO2 ox. (by O3 and H2O2) 12.46 17.60 15.40 15.50 21.43

H2SO4-H2O nucleation 0.004 0.008 – 0.006 0.013
condensation (all modes) 1.37 3.97 – 2.60 7.12
coagulation (all modes) 0.06 0.20 – 0.13 0.32

SO4 burden (Tg(S)) 0.14 0.27 0.28 0.21 0.39
SO4 dry deposition 1.97 2.97 1.50 2.54 3.84
SO4 wet deposition 11.90 19.00 15.80 15.76 25.40
SO4 lifetime (days) 3.64 4.47 5.80 4.17 4.82
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Table 3. Cloud droplet number concentrations (CDNC) at cloud-base altitude (approx. 970 m
above terrain or sea-level) for pre-industrial (PI) and present-day (PD). The relative increases
and the relative contributions always refer to the run without volcanic emissions (i.e. no vol).

CDNC no vol vol %increase vol×0.5 %increase vol×2.0 %increase
(cm−3) [%contrib.] [%contrib.] [%contrib.]

pre-industrial (PI)

global mean 76.3 107.1 40.4 [28.8] 96.1 26.0 [20.6] 123.1 61.3 [38.0]
NH mean 73.6 108.7 47.8 [32.3] 94.8 28.9 [22.4] 128.6 74.8 [42.8]
SH mean 79.1 105.5 33.4 [25.1] 97.4 23.2 [18.8] 117.5 48.6 [32.7]
tropics mean [21◦ N–21◦ S] 101.2 144.6 42.9 [30.0] 129.7 28.2 [22.0] 165.4 63.4 [38.8]

present-day (PD)

global mean 157.7 174.1 10.4 [9.4] 167.7 6.4 [6.0] 183.9 16.6 [14.3]
NH mean 207.3 221.9 7.1 [6.6] 215.7 4.1 [3.9] 231.7 11.8 [10.5]
SH mean 107.7 126.0 17.0 [14.5] 119.3 10.8 [9.7] 135.8 26.1 [20.7]
tropics mean [21◦ N–21◦ S] 176.1 203.4 15.5 [13.4] 193.0 9.6 [8.8] 218.5 24.1 [19.4]
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Table 4. Net cloud albedo effect at the top-of-the-atmosphere for changes of low- and mid-
level clouds (up to 600 hPa) induced by volcanic degassing (i.e. w.r.t. the runs without volcanic
emissions) for pre-industrial (PI) and present-day (PD).

cloud albedo effect (W m−2) vol vol×0.5 vol×2.0

pre-industrial (PI)

global mean −1.06 −0.77 −1.56
NH mean −0.92 −0.57 −1.31
SH mean −1.22 −0.99 −1.83
tropics mean [21◦ N–21◦ S] −1.62 −1.11 −2.18
maximum −6.67 −4.92 −8.68

present-day (PD)

global mean −0.56 −0.36 −0.83
NH mean −0.32 −0.20 −0.51
SH mean −0.82 −0.54 −1.19
tropics mean [21◦ N–21◦ S] −0.89 −0.58 −1.31
maximum −3.99 −2.68 −5.60
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Fig. 1. Representation of the volcanic sulphur flux in GLOMAP-mode with (a) annual zonal
mean volcanic SO2 flux (kg(S) km−3 a−1) using the Andres and Kasgnoc (1998) inventory, and
(b) geographical location of the volcanic sources.
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Fig. 2. Observed versus modelled cloud condensation nuclei (CCN) number concentrations
(in cm−3) with (a) model evaluation using the present-day (PD) simulation including volcanic
emissions against all CCN observations over the year; and (b) evaluation of the PD simula-
tion that includes volcanic emissions against marine boundary layer (MBL) CCN observations
only. The solid line represents the 1:1 relationship and the dotted lines show the 1:2 and 2:1
relationships. The colours indicate the supersaturation and the symbols indicate the region
of the modelled/observed CCN as shown in the plots’ keys. The Pearson’s correlation coef-
ficient is stated as r , and the normalised mean bias (NMB, in %) is calculated as follows:
NMB = 100 % ×

∑
(Mi − Oi )/

∑
Oi where Mi refers to the modelled CCN concentration and Oi

to the observed CCN concentration. The observational CCN dataset was described and com-
piled by Spracklen et al. (2011).
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Fig. 3. Annual zonal mean cloud droplet number concentrations (CDNC, cm−3) at cloud-base
altitude (approx. 970 m above terrain or sea level) for the pre-industrial era (blue) and for
present-day (grey). The dashed lines show the runs where volcanic emissions were omitted;
the solid lines show the runs where the volcanic emissions inventory of Andres and Kasgnoc
(1998) was used, and the blue and grey shading shows the impact of the −50 %/+100 % un-
certainty in the volcanic sulphur source strength on zonal mean CDNC.
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Fig. 4. Relationship between aerosol number concentration and cloud droplet number concen-
tration (CDNC) with (a) showing that the volcanically induced cloud albedo effect is larger under
pre-industrial (PI) atmospheric conditions than under present-day (PD) conditions because of
the greater relative change in CDNC (∆CDNC/CDNCbaseline with ∆CDNC = CDNCwith volcanics −
CDNCbaseline) under PI conditions; and (b) showing the effect of the uncertainty in the PI base-
line, which arises from the −50 %/+100 % uncertainty in the volcanic flux strength, on the mag-
nitude of PD cloud albedo forcing.
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Fig. 5. Annual mean cloud droplet number concentrations (CDNC, cm−3) at 970 m altitude (ap-
prox. 970 m above terrain or sea level) for the pre-industrial (PI) era and present-day (PD) with:
(a) PI simulation and (b) PD simulation without volcanic emissions; (c) PI simulation and (d) PD
simulation using the Andres and Kasgnoc (1998) volcanic emission inventory. The absolute dif-
ference in annual mean CDNC for PI and PD are shown in panels (e) and (f), respectively. The
green boxes indicate the area used to calculate the regional mean CDNC changes as stated
in Sect. 3.3. The green box around Hawaii covers the area between 155◦ W–177◦ W longitude
and 24◦ N–10◦ N latitude. The green box around the western coast of South America covers the
area between 82◦ W–132◦ W longitude and 4◦ S–29◦ S latitude.
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Fig. 6. Annual mean cloud albedo effect (W m−2) due to volcanic degassing using the Andres
and Kasgnoc (1998) inventory in relation to the simulations where volcanic emissions were
omitted. The cloud albedo effect is calculated at the top-of-the-atmosphere (TOA) for low- and
mid-level cloud changes (i.e. up to 600 hPa) for both pre-industrial (PI) and present-day (PD)
atmospheric conditions.
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Fig. 7. Effect of the uncertainties in volcanic sulphur source strength on the anthropogenic
cloud albedo forcing. The red symbols show the magnitude and the uncertainty range of the
anthropogenic cloud albedo forcing arising from the uncertainty in the volcanic source strength
under the assumption that there was no change in the volcanic flux strength between the pre-
industrial era (PI) and present-day (PD). The black symbols show the magnitude of the total
cloud albedo forcing (i.e. volcanic and anthropogenic) that arise if one assumes differences in
the volcanic sulphur flux strength between PI and PD. The x-axis shows the assumptions made
about the strength of the volcanic sulphur flux (in Tg(S) a−1) for both PI and PD.

8050

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/8009/2012/acpd-12-8009-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 8009–8051, 2012

Tropospheric
volcanic aerosol
indirect forcing

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. A1. Annual mean cloud droplet number (CCN) concentrations (cm−3) at 970 m altitude
for the pre-industrial (PI) era and present-day (PD) with: (a) PI simulation without volcanic
emissions; (b) PD simulation without volcanic emissions; (c) PI simulation using the Andres and
Kasgnoc (1998) volcanic emission inventory; and (d) PD simulation with volcanic emissions.
The absolute difference in annual mean CCN concentrations for PI and PD are shown in panels
(e) and (f), respectively. Here, CCN is counted as soluble particles with a dry radius larger than
35 nm, which is equivalent to the particles that would activate into cloud droplets at 0.22 %
supersaturation.
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