Clim. Past, 10, 359875, 2014 _ [
www.clim-past.net/10/359/2014/ Climate ¢
doi:10.5194/cp-10-359-2014 3
© Author(s) 2014. CC Attribution 3.0 License. of the Past é

Volcanic forcing for climate modeling:
a new microphysics-based data set covering years 1600—present

F. Arfeuille 12, D. Weisensteid, H. Mack?, E. RozanoV4, T. Peter!, and S. Bronnimanr?

Linstitute for Atmospheric and Climate Science ETH Zurich, Zurich, Switzerland
20eschger Center for Climate Change Research and Institute of Geography,

University of Bern, Bern, Switzerland

3School of Engineering and Applied Science, Harvard University, Cambridge, MA, USA
4Physical-Meteorological Observatory/World Radiation Center, Davos, Switzerland

Correspondence tdz. Arfeuille (florian.arfeuille@giub.unibe.ch)

Received: 31 December 2012 — Published in Clim. Past Discuss.: 14 February 2013
Revised: 25 November 2013 — Accepted: 1 December 2013 — Published: 20 February 2014

Abstract. As the understanding and representation of the im-single scattering albedos and asymmetry factors calculated
pacts of volcanic eruptions on climate have improved in thefor different wavelength bands upon request. Surface area
last decades, uncertainties in the stratospheric aerosol fordensities for heterogeneous chemistry are also provided.

ing from large eruptions are now linked not only to vis-

ible optical depth estimates on a global scale but also to

details on the size, latitude and altitude distributions of the

stratospheric aerosols. Based on our understanding of these Introduction

uncertainties, we propose a new model-based approach to

generating a volcanic forcing for generai circulation model For climate simulations Covering the last Centuries, the vol-
(GCM) and chemistry—climate model (CCM) simulations. canic forcing is a crucial external influence that needs to be
This new volcanic forcing, covering the 1600—present pe-included as precisely as possible. It is now commonly ac-
riod, uses an aerosol microphysicai model to provide a re.CeptEd that eXplOSive volcanism is, tOgether with the solar
alistic, physically consistent treatment of the stratosphericvariability, one of the most important pre-industrial forcings
sulfate aerosols. Twenty-six eruptions were modeled individ-€xplaining a large part of the decadal variance in the past
ually using the latest available ice cores aerosol mass esticenturies Klegerl et al. 2003. Moreover, on the centennial
mates and historical data on the latitude and date of eruptimescale its strong effect on oceanic heat content has been
tions. The evolution of aerosol spatial and size distributionrecently stressedGleckler et al. 2006 Stenchikov et aJ.
after the sulfur dioxide discharge are hence characterized fo2009 Gregory et al. 2010. However, as stated in the lat-
each volcanic eruption. Large variations are seen in hemi&st IPCC reportRorster et al.2007), the level of scientific
spheric partitioning and size distributions in relation to lo- understanding of the volcanic influence is still low, one rea-
cation/date of eruptions and injected S@asses. Results SOn being the large uncertainties in the volcanic aerosol data
for recent eruptions show reasonable agreement with obsepefore the satellite period.

vations. By providing these new estimates of spatial distri- Volcanic stratospheric aerosols impact climate through
butions of shortwave and long-wave radiative perturbationsseveral mechanisms related to the increased scattering of so-
this volcanic forcing may help to better constrain the climatelar radiation and increased absorption of solar and terrestrial
model responses to volcanic eruptions in the 1600—preseriffrared radiation. These changes modify the radiative bud-
period. The final data set consists of 3-D values (with con-gets in the stratosphere and troposphere and lead to impor-

stant longitude) of spectrally resolved extinction coefficients, tant temperature changes which then impact ozone and po-
tentially stratospheric water vapor. Dynamical responses to
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the final net radiative forcings further modify the climate re- 2 Previous data sets and approaches
sponse and can lead to regional anomalies of temperature
(e.g., winter warmingRobock and Map1992 Stenchikov ~ As summarized in the IPCC AR4 report, recent climate sim-
et al, 2006 and precipitationRobock and Liy1994 Joseph  ulations implement the volcanic forcing in different ways,
and Zeng2011). from the direct use of a global or latitudinally dependent ra-
To describe the diverse mechanisms involved as accudiative forcing Crowley et al, 2003 Goosse and Bradley
rately as possible, general circulation models (GCMs) and2005 Stendel et a). 2006, to prescribed aerosol optical
chemistry—climate models (CCMs) need information aboutdepth (AOD) changes with interactive calculations of the
the mass and size distributions of the aerosols for every latlong-wave and shortwave radiation budgefet{ et al,
itude and altitude. Through the Mie theoiMig, 1908, rel- 2007.
evant optical parameters can then be calculated: extinction, For climate simulations covering a period prior to 1883,
single scattering albedo and asymmetry factor. In additionthe start of the using optical depth ground measurements in
the surface area density (SAD) of the aerosols can be used tie Sato et al(1993 GISS data set, direct parameterizations
calculate heterogeneous reactions affecting ozone. are often used to convert aerosol loadings to optical depths
This information can be satisfactorily derived from satel- (i.e., by dividing the aerosol mass by 150 Tg as proposed by
lite data for the most recent period, particularly for the Stothers1984) or to convert optical depth to radiative forc-
Pinatubo 1991 eruption, despite saturation isséefe(ille ing by multiplying it by —20, as inWigley et al.(2005. An
et al, 2013; lack of extensive extinction measurements additional factor can then be used for the conversion in or-
before 1979 prevents a direct inference of the volcanicder to take into account the non-linearity of the shortwave
aerosols optical parameters. For the 1883—-1978 period, volforcing—aerosol mass relationship due to the decreasing scat-
canic aerosol data sets are based on isolated solar optictdring efficiency as particles grow through enhanced coagu-
depth data%ato et al.1993 and before 1883 ice core aerosol lation (Hegerl et al.2017).
mass estimates are useshfo et al. 1993 Ammann et al. The Crowley et al.(2008 volcanic aerosol data set pro-
2003 Crowley et al, 2008 Gao et al. 2008. However, this  vides effective radii in addition to aerosol optical depth
limited information is not sufficient to derive the necessary (AOD) data at 550 nm. For the models using this data set,
optical parameters by itself and has to be supplemented bgne approach consists in distributing the AOD at chosen ver-
parameterizations and assumptions on the evolution of théical levels to estimate extinction coefficients (kh. The
size and spatial distribution of the aerosols with time. Theextinctions, single scattering albedos and asymmetry factors
most common approaches used in volcanic aerosol data setsr all the wavelength bands of the model are then calculated
and GCM modeling studies to create and implement theassuming a log-normal size distribution of the aerosols. The
volcanic forcing before the satellite era are summarized ineffective radii from the data set and a constant distribution
Sect.2. width complete the needed information. This methodology
In this study we present a new volcanic stratosphericwas, for instance, used flungclaus et a(2010, with an as-
aerosol data set using the latest ice core data fe@m et al.  sumed distribution width of 1.8 and the AOD distributed over
(2008 and covering the 1600—present period. The approaclthe 20—86 hPa pressure levels. The calculated spectral extinc-
is based on simulations made with the state-of-the-art twotions are very sensitive to the choice of distribution width,
dimensional AER aerosol model developed at Atmosphericwhich can vary from a value of 1.8 in background quiescent
and Environmental Research Incorporation, Lexington, MA, conditions to 1.2 for the volcanic large mode after a strong
USA (Weisenstein et gl2007. It allows the size distribu- eruption, and should be chosen with care. It can be noted
tions to be directly derived from the microphysical processesthat using a distribution width of either 1.8 or 1.2 and the
described in the model for each individual eruption, while the surface area density data and effective radius data calculated
spatial distribution is also dependent on the boundary condifrom SAGE Il (Thomason et 811997 SPARGC 2009 in or-
tions (latitude and altitude of SOnjection, date of eruption)  der to derive the aerosol size distribution leads to too large
and climatological winds. extinctions in the infraredArfeuille et al, 2013. Recently,
This data set differs in its conception from previous vol- some studies focused on simulation past volcanic eruptions
canic forcing reconstructions in several ways which are de-using climate models incorporating aerosol microphysical
scribed in Sect3. Technical details on the boundary condi- processes (Laki eruption: Oman et al., 2006; Schmidt et al.,
tions used for each of the 26 eruptions present in the data s&X010: Pinatubo eruptiomiquila et al, 2012).
are given in Sect4 and a description of the AER model is Until every GCM/CCM includes coupled stratospheric
presented in Sech. Main results of the reconstruction are aerosol microphysical modules, there is a need for an ex-
then shown and compared to previous studies in $ect. ternal data set providing aerosol temporal and spatial evolu-
tions as well as size distribution&iinmreck 2012. The data
set should contain spectrally resolved optical properties, sur-
face area densities and mean radii for chemical interactions.
The forcing data sets most used in recent modeling studies
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and covering the pre-satellite period are now described irrived using a calibration from Antarctic sulfate records of

Sects2.1-2.4. the Pinatubo and Hudson 1991 eruptions against satellite
based optical depth frorBato et al(1993. In total 22 ice
21 Satoetal. (1993) cores are used. The obtained time series was validated for

) the Krakatau (1883), Santa Maria (1902) and Katmai (1912)
The Sato et al(1993 optical FJepth data set (a”d_ updates) eruptions againsStothers(1996. Effective radius growth
cover the 1850-present period. It provides optical depths;ng gecay are derived from Pinatubo 1991 satellite observa-

(in four S5km bands from 15 to 35km altitude) at 550N yjqng and scaled using microphysical calculations fRinto
with varying latitude resolution over time. It is based on sev- et al.(1989 for eruptions larger than Pinatubo.

eral sources. In the earlier time period (1850-1882), opti-
cal depths are derived from Mitchell’s indeMitchell, 1970 2.4 Gao etal. (2008)

based on the volume of ejecta. The AOD is then spread along

every latitude, except for the Askja (Iceland) 1875 eruption ThaGao et al(2008 study which analyzed 54 polar ice cores
(B0°N-9C°N). In 1883-1959 ground-based measurementSeq (g the release of two distinct data sets: an aerosol injec-

of atmospheric extinctions are used. Most of the stations thep,, forcing which describes the mass of aerosols released

areinthe mid-northern Iatitudes..Southern Hemisphere AODx,; aach volcanic eruptions for both hemispheres (for the
are estimated based on the latitudes of large known erupgng_o000 period), and a data set providing latitude/altitude

tions. Hence for a tropical eruption the Southern Hemisphergyigiribytions of aerosol concentrations. Values from the first
AOD is taken to be the same as measured in the Northeryaia set are derived from the ice core measurements via

Hemisphere. It can be noted that the Krakatau 1883 erupz .ajibration factor.
tion was originally described using a single measurement the hemispheric calibration factors for Greenland and

station in Montpellier (43N), butis since a 2002 update de- antarctica cores, linking the sulfate depositions measured in
rived from the latitudinal distribution of the Pinatubo aerosol the ice for each polar region (in kgkr) and the total mass

cloud. For 1960-1978, Southern Hemisphere stations could¢ ¢ratospheric aerosol formed after the eruption (in kg). The
also be used as well as lunar eclipse data. From 1979 oryemispheric calibration factors cannot be calculated from the

satellite measu.rements are used. HOVYGVGI‘, it.can be nc,)te'game method due to limitations in the measurements in the
that a new version of the SAGE Il satellite data is now avail- recent period. InGao et al.(2008, Northern Hemisphere

able SPARG 2006 which differs substantially from the one (NH) calibration factors for tropical eruptions are derived

used inSato et al(1993 (Arfeuille et al, 2013. from nuclear bomb tests, while Southern Hemisphere (SH)
factors are calculated using Mt. Pinatubo eruption data. In
the Gao et al.(2008 data set, the calibration factor to con-

The Ammann et al.(2003 volcanic data set (1890—1999) vert the sulfate deposition in NH and SH to the corresponding
provides AOD at 550 nm with individual evolutions of the hemisphezric stratospheric loading is set to a mean value of
volcanic aerosols for each eruption. Latitudinal transportlx1,0,9'“,n for all tropical eruptions regardless of the NH/SH
is parameterized. Transport from the tropics to the mid-Partitioning (which, however, should modify the hemispheric

latitudes is assumed to take place in the lower stratospher&2ibration parameterssag 2008. Hence, ice cores hemi-
in the winter hemisphere only. The temporal evolution is spheric estimates can be challenged and one example of the

constrained by specific e-folding decays (e.g., 12 months irp_ncertainty arising from the differgnces in pa_rtitionin_g is the
the tropics) and a linear buildup. This simple model of the discrepancy for the Agung eruption. For this eruption, the

evolution of the aerosols cannot describe the details of thdC€ core calibration leads to an almost even hemispheric par-

transport and sedimentation of the aerosols but compared tfitioning of the aerosols after calibration while observations

Sato et al(1993 an advantage is the absence of changes indicate a much larger loading in the SBtthers 2001).
data sources which can introduce a factitious decadal varil NS discrepancy could also be attributed potentially to a con-

ability (Ammann et al. 2003. The peak optical depths are comitant high latitude eruption (Surtsey, Iceland, l\_loyem.ber
scaled from the peak aerosol loadings (fr@tothers 1996 1963,Gao et al. 2007). Another example of uncertainties in

Hofman and Roser1983 Stenchikov et a.1998 assuming hemispheric aerosol values is the difference for the estima-
a fixed 75 wt% aerosol composition and a fixed aerosol sizdion Of the Tambora (1815) aerosol hemispheric asymmetry

2.2 Ammann et al. (2003)

distribution (with an effective radius of 0.42 um). betweenGao et al.(200§ (more aerosols in the NH) and
Crowley et al.(2008 (more aerosols in the SH).
2.3 Crowley et al. (2008) The new ice core data set 8fgl et al.(2013 also exhibits

larger values of sulfate deposition in the Southern Hemi-
Crowley et al.(2008 (this data set is further described in sphere after the Tambora eruption. Moreover, it provides
Crowley and Untermar2012 provides monthly aerosol op- sulfate deposition values from the Pinatubo eruption from
tical depth at 550 nm and effective radius for four latitudi- both poles which indicates stronger deposition in Greenland
nal bands for the 850-2000 period. Optical depths are dethan in Antarctica. This would lead to a larger calibration
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factor for the Northern Hemisphere compared to the one for 1.

the Southern Hemisphere and hence accentuate the asymme-
try towards the south for the Tambora aerosol cloud (with
more than 75% of the Tambora aerosols in the Southern
Hemisphere).

As noted inGao (2008, uncertainties in hemispheric val-
ues due to variations in hemispheric partitioning of tropical
eruptions partly compensate @rowley et al.(2008 for the
calculation of the global injection masses as an underestima-
tion of SH loading would correspond to an overestimation of
the NH loading. This is because thex11.0°km? calibration
factor used in the study is the mean of calibration factors cal-
culated when taking into account potential asymmetry in the
hemispheric distribution (from 1/3 to 2/3 of the global mass
in a specific hemisphere).

The total mass injected (but not the partitioning into hemi-
spheres) is used in our study to infer the;3Mission inputs
for the AER-2-D model and will be described in SettL

The second data set provided is a full latitude/altitude dis-
tribution of the aerosol concentration, varying monthly. The
altitude—latitude evolution is derived from a parameteriza-
tion of the transport between tropics, extratropics and poles
(for instance transport from tropics to extratropics is set to
a 50 % mass ratio per month). No inter-hemispheric trans-
port is allowed and separate injections are made in the two
hemisphere in order to match the ice cores mass estimates.
A linear build up of the total aerosol mass during the first
four months after the eruption is prescribed while an expo-
nential decrease of the stratospheric aerosol mass is assumed,
with a global e-folding time of 12 months. The e-folding time
in the tropics is 36 months (little sedimentation), 12 months
in the extratropics (tropopause folding), three months for the
winter polar region (stronger subsidence) and six months for
the summer polar region.

Gao et al. (2008 use vertical distributions from the
Pinatubo 1991 eruption based on the assumption that the ver-
tical distributions of volcanic aerosols have a similar shape
(Pinatubo, Agung, El Chichén and Fuego eruptions observa-
tions) and peak only at slightly different heights depending
on altitudes of initial injections. The variations in initial sul-
fur altitude distribution from one eruption to another does
not strongly affect the aerosol global surface radiative forc-
ing later on but may affect the location of the stratospheric
warming and potentially the transport of the aerosols in the
stratosphere (see Se6t2).

3 Specificities of our data set

In regards to the latest studies on the influence of vol-
canic eruptions on the stratosphere and climate and the cur-
rent implementation of volcanic aerosol forcings in GCMs
and CCMs, volcanic aerosol data sets should describe as
precisely as possible:

Clim. Past, 10, 359375, 2014

2.

3.

F. Arfeuille et al.: Volcanic forcing for climate modeling (1600—present)

The global average AOD peaks in the shortwave: in
our study this is mostly dependent on the estimated
global SG@ mass release, derived from the state-of-
the-art ice core reconstruction @ao et al.(2008.

Ice core sulfate estimates present uncertainties which
can be important due to variations in sulfate deposi-
tions and volcanic signal extraction methods. Guo

et al. (2008 methodology made use of large number
of ice cores in order to reduce these uncertainties (Gao
et al., 2007). As seen in Fidb, the relationship be-
tween aerosol mass and AOD peak is stable, as the
maximum AOD does not depend to a large extent on
spatial and temporal variations in individual volcanic
eruptions. It should be noted that important differences
in the magnitude of many eruptions are present in ex-
isting data sets. For instance, the Krakatau eruption of
1883, previously thought to have released more SO
than Pinatubo, is now downgraded to 2/3 of Pinatubo
release bysao et al(2008. The Cosiguina 1835 erup-
tion while being present in most ice core reconstruc-
tions ielinski, 1995 Gao et al. 2008 is absent of
theStotherg2007) data set based on lunar eclipses. An
aerosol optical depth background value is also present
in our data set in conformity to observations during
volcanically quiescent periods.

The altitude—latitude distribution: in this study the spa-
tial distribution is modeled through the AER-2-D mi-
crophysical scheme and depends on nucleation, con-
densation, coagulation, sedimentation and climatolog-
ical transport. Initial distribution and subsequent trans-
port depends on the specific latitudinal position of the
volcanoes and dates of eruption.

Spatial distribution evolves with time as aerosol size
distribution also evolves due to microphysical pro-
cesses; sedimentation rates depend on calculated parti-
cle size distributions. The 1.2 km vertical resolution of
the aerosol model AER-2-D leads to a good accuracy
in the vertical profiles of the extinction coefficients,
while data sets providing total AOD &rowley et al.
(2008 or 5 km altitude resolution AOD aSato et al.
(1993 cannot resolve the evolution of the aerosol alti-
tude and hence the location of the stratospheric warm-
ing for instance.

Differences in the initial altitude distribution of the
volcanic SQ is also accounted for in this study, using
information from the one-dimensional Plumeria vol-
canic plume modelMastin et al, 2009 when data is
available.

The size distribution and the absorption in the infrared:
it is important to characterize the mass scattering effi-
ciency and long-wave forcing of the aerosols as well
as their sedimentation speed.

www.clim-past.net/10/359/2014/
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Aerosol injection mass VS Reff for 26 eruptions Aerosol injection mass VS AOD for 26 eruptions
T T 1.00 T T

Peak Reff (global average, over 100 hPa)
Peok AOD 500nm (global average)

0.1 1 1 0.01 1 1
1 10 100 1000 1 10 100 1000
Str pheric aerosol injection in Mt Stratospheric aerosol injection in Mt

Fig. 1. Total mass of aerosol @$0, + H>0) in Mt versus(a) calculated peak of effective radius by the AER model for each of the 26
modeled eruptions over the 1600—-2000 period (effective radius values are global mean average above 10(b)PaalrADD at 550 nm.

Black line shows the logarithmic fit for the tropical eruptions. Stars indicate spring eruptions, triangles summer eruptions, diamonds fall
eruptions and crosses winter eruptions. Black color indicates tropical eruptions, while blue and green colors indicate extratropical eruptions
in the Southern and Northern Hemispheres, respectively.

Using an aerosol microphysical model allows us to de- From this data, the Laki 1783 eruption was not used be-
scribe the size distributions at each location and timecause according to previous studies, the $ease was ei-

for every specific eruption. The AER-2-D model has ther mainly troposphericHighwood and Stevensp2003

a 40 size bins resolution. The absorption/ scattering ra-or distributed in the upper troposphere/lower stratosphere re-
tio and its dependence on the eruption siiemfmreck  gion with, however, 85% of the formed aerosols being re-
et al, 2009 is hence taken into account, preventing moved in the summer/fall 1783Tordarson et al.2003.

an overestimation of the shortwave insolation reduc-Due to difficulties to model accurately such an eruption with
tion and underestimation of the long-wave absorptionour approach, we chose not to implement it in the final data
following large eruptions. Figuréa shows the vari-  set. Further work could be done in the future to add this par-
ations in effective radii for each of the 26 eruptions ticular eruption, for instance following the work of Oman
as simulated by the AER model. Comparison of the et al. (2006) and Schmidt et al. (2010). The eruptions in
extinction coefficients in the visible and infrared from 1925 and 1943 were removed as they do not appear in any
the AER-2-D model with observations were done for available reconstruction and no known large eruption were
the Pinatubo eruption and presented in a separate arecorded around these periods. The Pinatubo eruption is not
ticle (Arfeuille et al, 2012, AER_7 simulation). The derived from ice core measurements as no ice core data is
extinctions coefficients in the visible and infrared are available from Greenland and was adde#w et al(2009

in reasonable agreement with the observations frombased on satellite data. In the same manner, we added the El
SAGE Il (1.02 um), HALOE (5.26 um), and ISAMS Chichén eruption of 1982 and the 1976 eruption attribution
(12.1 um), except at the equator in the first months af-was changed to the large tropical eruption of Mt. Fuego of
ter the eruption where there is an overestimation of theOctober 1974 as dates and aerosol amounts correspond well.

extinction coefficients.
4.2 Preprocessing of model input

The final released 1600—present volcanic aerosol data set
consists in monthly, three-dimensional fields of extinction 4.2.1 Calculation of SQ amount
coefficients, single scattering albedos and asymmetry fac-
tors for different wavelength bands calculated upon requestFirst, the aerosol mass is converted to & $@ection mass
Surface area densities for heterogeneous chemistry computé2eeded by the AER-2-D model) for each volcanic eruption:

tions are also made available.

Ms
M0, = Maero WH%H,s0, - ——2—, 1)
Mu,s0,
4 Technical description of the data set
wherem is the mass of the compound¥, their molecular

4.1 Injection data weight and wt% the percentage in mass ofS, in the
aerosols.

Table 1 shows the sulfate aerosol mass estimates fGan Sulfuric aerosol total amount (NH + SH) is used to calcu-

et al(2008 for Northern and Southern Hemispheres for eaCh|ate SQ initial release assuming a 100% conversion effi-

eruption recorded. ciency and a HSQy average composition of 75 wt%. This is

www.clim-past.net/10/359/2014/ Clim. Past, 10, 359%5 2014
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Table 1. Stratospheric aerosol data after ice core calibrations for Northern and Southern Hemisphef@adretal (2009. Attribution of
the aerosol peaks to specific volcanic eruptions in this study. Tg amounts correspond to the total aerosol $tassHO) assuming a
75 wt% of HpSOy.

Year (A.D.) NH(Tg) SH(Tg) Confirmed or tentative attribution (time, latitude)

1600 46.0 105 Huaynaputina (19 February, Peru°18)6

1619 0.0 5.2 Unknown SH (No large eruption recorded)

1641 33.8 17.8 Parker (4 January, Philippin@&p

1673 6.3 9.8 Gamkonora (20 May, Indonesia® N4

1693 0.0 27.0 Serua (4 June, Indonesi& &3

1711 0.0 3.9 Unknown SH (No large eruption recorded)

1719 315 0.0 Unkown NH (No large eruption recorded)

1729 12.0 0.0 Unkown NH (No large eruption recorded)

1738 0.0 3.3 Unknown SH (No large eruption recorded)

1755 8.0 0.0 Katla (17 October, Iceland 63MN)

1761 8.4 45 Makian (22 September 1760, Indonesia®®\20

1783 93.0 0.0 Laki. (Mainly tropospheric)

1794 0.0 1.9 Unknown SH (No large eruption recorded)

1796 6.7 0.0 Unknown NH (No large eruption recorded)

1809 27.6 26.2 Unknown Trop. Feb erupti@@ofe-Dai et al.2009

1815 58.7 51.0 Tambora (10 April, Indonesfa®

1831 17.0 0.0 Babuyan Claro (Philippines XN date Unknown)

1835 26.4 13.8 Cosiguina (20 January, NicaragufaN)3

1861 0.0 4.2 Unknown SH (No large eruption recorded)

1883 11.2 10.7 Krakatau (27 August, Indonesish

1886 0.0 1.9 Tarawera (10 June, New Zealant38

1902 0.0 3.8 Santa Maria (24 October, GuatemafaN)4

1912 11.0 0.0 Katmai (6 June, Alaska’a%)

1925 11.2 0.0 Unknown NH (No large eruption recorded)

1943 6.6 0.0 Unknown NH (No large eruption recorded)

1963 7.6 13.3 Agung (17 March, Indonesfa®

1976 4.7 0.0 Fuego (10 October 1974, GuatemafaN)4

1982 7.0 7.0 El Chichén (29 March 1982, Mexico 1'MN).
Not derived from ice core

1991 15.0 15.0 Pinatubo (15 June, Philippine$ Nk

Not derived from ice cores

used for consistency with the average composition assume@laro (1831, Philippines) eruptions. TI&gl et al. (2013

for the ice core parameterization ®ao et al.(2008. For study with new high-resolution ice core data finds bi-polar
the optical properties calculations, the$0, wt% is set  signals in the deposition following 1693 and 1831 which cor-
to match high temperatures after a strong volcanic eruptiomespond well to our attribution to the tropical eruptions of
(Pinatubo 1991 eruption simulation) in order to minimize the Serua and Babuyan Claro, respectively (while these 2 erup-
absolute error arising from not using the actual compositiontions are only recorded in one hemisphere @ao et al.

(which depends on the temperature). 2008. The results fromSigl et al. (2013 would indicate
then higher total emissions than prescribed here for these two
4.2.2 Attribution to specific eruptions eruptions.

Some tentative attributions of sulfate peaks in ice cores to4.2.3 Timing and latitude of injection

specific historical eruptions were made in this study when

large historical eruptions (data from the Global Volcanism The latitudinal distribution of the initial S©injection is
Program of the Smithsonian Institution) have a consistentgiven by the location of the volcanoes. For tropical erup-
location and timing of eruption compared to the loadingstions, it was observed that a few weeks after the eruption,
given by Gao et al.(2008. This is the case for the Parker SO, spread quickly inside the tropical pipe region. Injection
(January 1641, Philippines), Gamkonora (May 1673, Indone4in the AER-2-D model was made in the°15-0 and 0-
sia), Serua (April 1693, Indonesia), Katla (October 1755,15° N regions for Southern and Northern Hemisphere trop-
Iceland), Makian (September 1760, Indonesia) and Babuyaiical eruptions, respectively. The latitudinal position of the

Clim. Past, 10, 359375 2014 www.clim-past.net/10/359/2014/
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tropical pipe given the time of year then affects the trans-additional difficulty is that the specific S&ontents of each
port inside the tropics. When unknown, eruptions recordedphase depend on the sulfur partitioning in the subvolcanic
only in the Northern/Southern Hemisphere are set respecmagma reservoir.

tively to high northern latitudes (8565’ N) and Southern

Hemisphere mid-latitudes (4&). These latitudes were cho-

sen to best approximate common extra-tropical eruption lo> AER model

cations (e.g., Iceland, Alaska, Chile, New Zealand, etc.) and,]_h wo-di ional sulfat | del developed at
for instance, do not take into account potential local eruptions € two-dimensional suffate aerosol model developed &
in Antarctica. AER (Atm(_)sphenc and Environmental Research Incorpo-
As in Gao et al(2008, the location of an eruption is set to ration, Lexmgtor?, MA, USA) was used to model 26. VO.I'
tropical if unknown but recorded in both hemispheres. Thisanc eruptions in the 1600-present period. For validation

is the case only for the Unknown 1809 eruption. In the sameOf the model against observations sagisenstein et al.

: L L 1997, SPARC (2006 and Weisenstein et al(2007). The
way as inGao et al(2008, the timing of an eruption is set to ( . . S
April if the eruption is unknown, except for the eruption date model includes the following species: 5@CS, DMS, HS,

of the 1809 eruption which was set to FebruaBole-Dai and CS3. For the _volcanic eruptions the sulfur is put into
et al, 2009. As only high latitude eruptions in our data set the stratosphere in the form of $0The model uses pre-

have unknown dates of eruptions, no tropical eruption Wascalculated OH concentrations and photolysis rates, derived

artificially set to an April eruption, hence no bias towards :‘;)rr; gvgggﬁlsfeaiﬂnczlta;ﬁg Q’V?;thRs;ggggrzdr;tth‘:’g:‘irégr(zjri]r?én'
zesé.pemflc hemispheric partitioning is introduced in the datato Sander et al(2000. Sulfuric acid aerosols (#$0y/H;0)
microphysics is modeled in a global domain which extends
from the surface to 60 km with 1.2 km vertical resolution,
though thermodynamics ensures that sulfuric acid aerosols
evaporate above about 35-40km. The horizontal resolu-
éion is 9.5. The model accounts for significant recycling
of gaseous KIS, into SQ, in the upper stratosphere via
photolysis. The sulfate aerosols are treated as liquid binary

4.2.4 Altitude of injection

In the tropical reservoir region where most of the,S@ass
from large tropical eruptions is released, even a small altitud
difference can theoretically affect the timing of the transport

to the extratropics. The altitude of injection is taken from ) . L . . .
P ) solution droplets. The size distribution (with 40 size bins

the Plumeria model\astin et al, 2009 when input param- : .
eters as mass of ejecta and duration of eruptions or erupgpanmng the range 0.4nm-3.2 um by volume doubling) of

tion rate estimates are available. Otherwise, the same initia‘ff‘erOSOI particles is defined by the microphysical processes

SOy vertical distribution as Pinatubo is used. Results summa-Of nucleation, condensation, evaporation, coagulation, and

rized in Table2 indicate for instance that the neutral buoy- s;edi_medntziion. Tlhe shape of thg st,)izle dis{;}ributtion Is uncog-
ancy height of the S@release by the Agung 1963 erup- strain€d. AErosois are removed below ne tropopause by

tion was significantly lower than that of the Pinatubo erup- washout and surface deposition. Transport parameters are

tion. The Plumeria model is useful in order to get estimatesbased oriFleming et al(1999 and were calculated from ob-

of the neutral buoyancy height of eruption cloud but resultsserved Q water vapor, zonal_wmd, an_d temperatur_e for cli-
are subject to caution as dynamical parameters used to ir|! atological conditions (transient for Pinatubo eruption). The

fer the mass flux of the eruptions are uncertain. A limita- ack of interaction of the sulfate aerosol transport with in-
tion is the lack of aerosol heating impact on thezsiditing duced radiative perturbations and the lack of information on
in our approachAquila et al, 2012. However, initial SQ pastQBO phases can limit the accuracy of.the aerosol trans-
heights given here represent rather the altitude of the erupport in the model. The planetary and gravity waves drag is

tion cloud after the large initial lofting occurring in the first included.

weeks (Pinatubo: 24-25km), when the volcanic cloud has

not yet circled the globe. Our calculated heights are usefultgs  Resyits

take into account variations between eruptions which are due

to differences in the eruption dynamics, independently oftheg.1  Size distributions

subsequent aerosol induced lofting. Since the power of an ex-

plosive eruption is not directly linked to the amount of SO The influence of the various volcanic $jection masses
released, and hence to the amount of induced lofting, thesen the effective radii of the aerosols and subsequently on the
two effects do not necessarily add up. An additional diffi- evolution of the AOD is discussed here. Figdeeshows the
culty in estimating the S@altitude distribution arises from increase in effective radius with increasing eruption size due
the fact that some eruptions involve distinct plinian phases a$o intensification in the coagulation process from small to
well as a co-ignimbrite phase (Herzog and Graf, 2010). Thislarge eruptions because of increased aerosol concentrations
was the case for Mt. Tambora 1815 eruption. Ejecta mass rein the stratosphere. We can note that Northern Hemisphere
leased for each of the phases are then hard to infer and aextra-tropical eruptions tend to exhibit smaller effective radii
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Table 2. Altitude (km) of maximum injections for previous studies and Plumeria simulations, as well as the neutral buoyancy heights (NBH)
in Plumeria.

Eruptions Prev. work : max  Plumeria: max NBH  Sources
Huaynaputina 33-37 33.5-35 24.5-25Thouret(1999
Tambora 23-44 30.5-36.5 23-26.5Sigurdsson and Carg$989
Cosiguina 25-28 26 20 Self et al.(1989
Krakatau 25 33-33.5 24 Self and King(1996
Tarawera 27.8 28-28.5 20-21Self and Ramping1981)
Santa Maria 35 38 27-27.5 Williams and Self{1983
Katmai 17-26 20.5-25 15.5-18.5Sigurdssor{19849
Agung 23-28 27 21-22 Self and King(1999

El Chichén 27.3-31.6 29-32.5 18-25Sigurdssor{1984
Pinatubo 34-40 33.5-34 24-245 (%)

(*): Fero(2009; Kayzar et al(2009; Koyagushi et al(1993; Pallister(1992); Baker(1996; Newhall(1996); Self et al.(2004);
Stix and Kobayashi2008.

than tropical eruptions for a given $@rupted mass. This of 2.76 and 18.63, respectively, which is in good agreement
could be due to the upwelling in the tropics which can reducewith the results fronToohey et al(2011) for the 17 Mt erup-

the removal rate of large aerosols. tion and lower than their calculation for the 700 Mt case
The peak AOD (global average, Fitp) ratio betweentwo  (global mean 2 yr cumulative AOD of approximately 20—24
eruptions follows very closely the relation: depending on season of eruptions ifoohey et al. 2017).
A tendency of winter eruptions to lead to smaller southern
AOD; (&)2/3 @) extratropical mean AOD than spring and summer eruptions
AOD;  \ M, ’ is seen in Fig2c. In the same way, the winter hemisphere

, produce larger AOD in the Northern Hemisphere extratrop-
where M represents the_mass of stratospheric gerosol; anflg compared to other seasons (Rg). This agrees well with
AOD the peak of the optical depth at 550 nm. This idealized} 4 rasyits offoohey et al(2011).
relationship is a consequence of the total aerosol mass being
proportional to the volume of the aerosols while the opti- g 2  Altitudinal distributions
cal depth at 550 nm is proportional to the total surface area.

The actual mean equation linking our calculated global mearFor each eruption, our approach provides altitude-resolved
peak AOD at 550 nm to the aerosol masses giveBdo etal.  extinction coefficient values. Figu@a and ¢ shows the dis-

(2008 is tribution of extinctions at 550 nm with altitude and time in
0.658 the equatorial region for the Pinatubo (top) and Tambora
AODpeak=0.02- M . 3) eruptions (bottom). At this latitude, high extinctions values

span approximately between 90 and 15 hPa. One interesting

6eature to point out is the faster sedimentation of the aerosols

by 20-30 % due to differences in the latitude and altitude of'" the case Of. the Tambora erpptlon c-ompared 0 Rmatubo
due to a more intense coagulation forming larger particles. In

the injections. The AOD at 550 nm of the 26 volcanic erup- Fig.3b and d, the cumulative monthly extinctions for the first

tions simulated for the 1600—present period have large varl—t fter th i h The t fto th
ations in terms of altitude/latitude distribution and time evo- "0 Yéars arter the eruptions are shown. the transport to the

lution (see Sects. 5.2 and 5.3) extratropics and polar regions follows the Brewer—Dobson
Following Tooﬁe)./ et al ('20'1]) the cumulated optical circulation and is influenced by the gravitational settling of

depths for the two years after each eruption are computeg‘e particles. The region of high extinctions in the extratrop-

(sum of 24 monthly averages). Figuza shows the relation: Ics is in the 150-40hPa range. The tropical pipe region is
visible with strong extinction gradients at its limits.

(4) The exact influence of the initial altitude distribution on
the aerosol transport is still unclear. Using differentSi®

The diminished power law compared to Eg) $hows the  jection altitudes does not change the aerosol altitude distri-
effect of the decreased scattering efficiency and faster sedbution to a large extent; however, some variations in the al-
mentation of the large aerosols formed ag®@issions get  titude of the aerosol cloud in the first months following the
larger. Using Eg. 4) to calculate the cumulative AOD for eruption. are observed. Also, while small differences of 1—
17 and 700 Mt S@ eruptions as simulated ifoohey et al.  2km can theoretically influence the temporal and latitudinal
(2011 using MAECHAM5-HAM, we obtain optical depths evolution of the aerosols in the tropical reservoir, limitations

The AOD values for each individual eruption can differ
from the mean relationship between aerosol mass and AO

AODcymul 2yr= 0.45. MO‘514.
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Fig. 2. Total mass of aerosol @G0, + Ho0O) in Mt versus 2 yr cumulated AOD at 550 nm for global averéa)e 36° N-9C° N (b) and

90° S-30 S(c). Black line shows the logarithmic fit to the tropical eruptions. Stars indicate spring eruptions, triangles summer eruptions, di-
amonds fall eruptions and crosses winter eruptions. Black color indicates tropical eruptions, while blue and green colors indicate extratropical
eruptions in the Southern and Northern Hemispheres respectively.

in the model (e.g., vertical resolution, uncertainties in trans-mation, a spring—summer tropical eruption tends to produce
port) prevent a precise testing and analysis of this influ-high aerosol concentrations in the Southern Hemisphere. Ad-
ence. In addition model microphysical processes will tendditionally, the latitudinal position of the tropical pipe in the
to dampen altitudinal sensitivity, as sedimentation velocitiesfirst weeks after the eruptions is also of strong importance as
are a strong function of air pressure. Sensitivity studies madét influences the early latitudinal distribution of the aerosols
for the Tambora eruption with initial injection at 23—25km inside the tropics.

and 27-29 km tend to indicate a non-negligible impact onthe The latitudinal evolution of the most important eruptions
aerosol distribution, with shorter time residence in the trop-are shown in Figs4-10. The specific hemispheric parti-
ical region for the 27—29 km simulation and stronger extra-tioning of the Tambora eruption is for instance illustrated
tropical transport. Increasing the altitude of injection from in Fig. 6, where the eruption which occurred in April 1815
24 to 28 km hence decreases the mass peak loading by 1(sroduced an asymmetrical aerosol cloud in our model, with
15 % in the tropics and increases it by 13% and 8% at%0 most of the mass in the Southern Hemisphere. The data

and 50 N, respectively. set fromCrowley et al.(2008 also depict this behavior for
this eruption.
6.3 Latitudinal distributions The AOD distribution for the largest volcanic eruptions

in the last 400 yr are shown in Fig.(Huaynaputina 1600,
The season and latitude of volcanic eruptions highly im- pgrker 1641), Fig5 (Serua 1693, Unknown 1809), Fi§.
pact the latitudinal distribution of the aerosols especially(Tambora 1815, Babuyan Claro 1831), Fitj(Cosiguina
through the hemispheric partitioning of tropical eruptions. In 1835 Krakatau 1883), FigB (Santa Maria 1902, Katmai
the tropics, aerosols first spread in the tropical pipe regionlglz) and Fig9 (Agung 1963, El Chichén 1982) for our re-
(Plumb 1996 where exchange to the extratropics is limited construction andCrowley et al.(2008. From these 12 large
and varies seasonally. volcanic eruptions, the EI Chichén eruption, Krakatau, Un-

The transport to the extratropics is made preferentially to-known 1809, Serua and Huaynaputina eruptions show siz-

wards the winter hemisphere as the increased meridional gragpy different latitudinal evolution in the two data sets while

dient leads to increased planetary wave propagation into thgne others eruptions show similar developments. It can also
stratosphereHolton et al, 1995. Hence, in a first approxi-
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be noted that the different ice core parameterizatiordo

et al.(2008 lead to a different hemispheric partitioning than
in Crowley et al (2009 for Santa Maria, Serua and Tambora
(Tablel and Figs. 4-6).

Sigl et al.(2013 provide sulfate deposition values in both
Greenland and Antarctica for the Pinatubo eruption. Re-
sults from theSigl et al. (2013 ice core data would indi-
cate a Huaynaputina (1600) eruption with an almost even
hemispheric distribution (slightly to the south), and the Serua
(1693) and Unknown (1809) eruptions with larger values in
the Southern Hemisphere if we use the sulfate deposition
they obtain from Pinatubo to derive new hemispheric cali-
bration factors.

6.3.1 Agung 1963

A strong asymmetry was observed for the Agung March
1963 eruption by the solar extinction measurements com-
piled by Stothers(2001) as shown in Figl3. The extent

of the asymmetry is only captured in our data set while
Ammann et al.(2003 overestimates the Northern Hemi-
sphere loading an®ato et al.(1993 and Crowley et al.

Fig. 4. Latitudinal distribution of the optical depth in VIS (550 nm) (2008 underestimate the Southern Hemisphere value
for the Huaynaputina (1600) and Parker (1641) eruptions for this '

study (left column) ancCrowley et al(2008 (right column).

Clim. Past, 10, 359375, 2014

6.3.2 Pinatubo 1991
The latitudinal evolution of the Pinatubo 1991 eruption is

also well captured by our method. For this eruption, tran-
sient winds instead of a climatology was used. This reduces
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Fig. 6. Latitudinal distribution of the optical depth in VIS (550 nm) Fig. 7. Latitudinal distribution of the optical depth in VIS (550 hm)
for the Tambora (1815) and Babuyan Claro (1831) eruptions for thisfor the Cosiguina (1835) and Krakatau (1883) eruptions for this

study (left column) ancCrowley et al(2008 (right column). study (left column) an€Crowley et al.(2008 (right column).
the equatorial optical depth after the eruption but does not . AOD ot 550nm
. . . . " . This Study Crowley 2008

sizably impact the hemispheric partitioning of the aerosols.., | ‘ . ‘
Figure 14 shows a comparison of the time evolution of Mt. | U . I
Pinatubo optical depth for this study ar@rowley et al. ... 7 I L
(2008 compared t@ato et al(1993 data derived from satel- i o \/ L i L
lite observations. The hemispheric partitioning is reproduced - kT -
correctly in both data sets. 1 r 1 "

All data sets tend to overestimate the aerosol optical depth . i
in the tropics (Fig.14 and 12) compared to AOD derived . |
from SAGE Il data (optical depth data taken from SAGE_4 ™ Trmvmevemwews e PR TR LR

in Arfeuille et al, 2013 to avoid gap-related issues). Our
data set is showing the largest overestimation until end of

values afterwards. A reasonably well-reproduced feature for

the Pinatubo eruption is the temporal evolution of the AOD ... |
in both the tropics and extratropics comparedsato et al. R
(1993 (Fig. 10). Crowley et al.(2008 do not capture pre- - ’ Fooo F
cisely the transport timing to the extratropics, with too long r 1 I
of a residence time in the tropics and no time delay in the
tropical to extra-tropical AOD. Their building of the AOD

a time shift of approximately one month. Comparison with
SAGE Il data (Fig.12) show also a general tendency of all Fig. 8. Latitudinal distribution of the optical depth in VIS (550 nm)
data sets to overestimate the AOD of the Pinatubo eruptiorfor the Santa Maria (1902) and Katmai (1912) eruptions for this
in the extratropics. study (left column) ancCrowley et al.(2008 (right column).
While the recent eruptions of Agung and Pinatubo are
well reproduced, a bias towards the Southern Hemisphere
is seen for the El Chichon eruption in our data set, where
the observed higher loading in the Northern Hemisphere is
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Fig. 9. Latitudinal distribution of the optical depth in VIS (550 nm)
for the Agung (1963) and El Chichon (1982) eruptions for this study L
(left column) andCrowley et al. (2008 (right column). N (o) “orowiey 2008 L L L -
not reproduced by the model. Erroneous latitudinal distribu- | i
tions arise from the lack of knowledge on the specific strato- | S L
spheric dynamics. Using a coupled aerosol-GCM model, .o | Sooe L
Aquila et al. (2012 noted for instance the importance of - TEY -
the aerosol radiative influence on the transport, which is notss+ B -

taken into account here, but also general difficulties to infer ~ * T Mﬁggﬁ FoNpenMa Mﬁggz’* sowoliFuay “993’* S0
transport across the equator. They found that for the El Chi-

chon eruption the low altitude of the aerosol cloud (WhICh Fig. 10.Latitudinal distribution of the optical depth in VIS (550 nm)
they explain by the limited S©release and hence the lim- for the Pinatubo eruption for this study (top pan&@to et al(1993
ited increased uplift) may have prevented the transport to thé™iddle panel) an€rowley et al (2008 (lower panel).

SH through the mid-stratosphere pathway. In general, how-

ever, they note that the cross-equator transport is strongly Uncertainties due to the lack of information from the verti-

dependent on the season of eruption. Figl@eshows that cal wind structure in the tropics and QBO phases for histori-
both our reconstruction ardimmann et al(2003 overesti- . L . . .
. cal eruptions is a limitation to obtaining accurate hemispheric
mate the Southern Hemisphere AOD comparefdto et al. " . . :
partitions in the past. However, ice core estimates do not

(1993. Crowley et al.(2008 which follows theSato et al. . o ;
: : o always provide a robust partitioning between hemispheres.
(1993 data reproduce well the hemispheric partitioning of ; :
El Chichén (Fig.6) Peak values of AOD and its temporal evolution are gener-
1on (119.5). . . . S ally well reproduced in our reconstruction when compared
Despite differences in the latitude and time distribution of
to Sato et al(1993, Stotherg2001) and SAGE Il although
the aerosols, global average AOD of our reconstruction show
similar values a€rowley et al.(2008 for many past eru Yt overestimates the optical depth values in the tropical re-
y ‘ yp b- gion. Tropical mean AODs are generally higher thasato

t1|c7)?hs f;nfﬁrov;nnén 1';'311 iir?tﬂ? bérsoTees:rr::ﬂvslr;pgt)gsl N etal. (1993 andCrowley et al.(2008, and close to values
y y P y "~ from Ammann et al(2003.

(2008 but not in theGao et al(2008) ice core estimates and
hence not in our data set. Conversely, some small to medium
eruptions in the 18th century are not preser@iowley etal. 7 Conclusions and future development
(2008 or of a reduced magnitude.
As emphasized bgchmidt et al(2017), there is a need to
account for the uncertainties in the various external forcings
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used in climate model simulations covering the last centuriegion of some historical eruptions from the different ice core
in order to assess the extent of model deficiencies. The undata sets. The AER-2-D model simulation of the Pinatubo
certainties in the volcanic forcing are still high due notably eruption showed an overestimation of the tropical optical
to lack of knowledge on the aerosol spatial and size distri-depth at 550 nm relative to SAGE Il satellite data. The Agung
butions after large eruptions and this can lead to strong dif-eruption hemispheric partitioning is better captured by our
ferences in the representation of both global and regional climethod than in previous reconstructions as shown by com-
matic anomalies in climate models. parisons with solar extinction measurements frStothers

In this study, the AER-2-D aerosol model has been used tq2001). However, some errors in the aerosol hemispheric par-
simulate volcanic eruptions in the 1600—present period. Retitioning for past eruptions probably remain due to the coarse
sults for global mean optical depths at 550 nm are in overallresolution of the AER model and discrepancies in the cli-
agreement with previous reconstructions frémowley etal.  matological transport compared to actual wind fields. The
(2008, Ammann et al(2003 and Sato et al(1993. Pre- latter includes a lack of the QBO and of the dynamical re-
vious studies exhibit large differences in hemispheric parti-sponse to the radiative perturbation of the aerosols. Hence,
tioning and tropical values as well as differences in detec-information about timing of eruption, latitude of the volcano
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and initial SQ height used in our study are valuable but not by our data set. Similarly to extinction coefficients at 525 nm

sufficient to constrain fully the latitudinal evolution of the (compared to SAGE Il observations), comparisons with data
aerosol clouds. Each individual eruption reconstruction givesavailable for the Pinatubo eruption show an overestimation of
a potential aerosol spatial distribution partially constrainedthe extinction coefficients at 5.26 and 12.1 um for the tropics
by the relevant information available but which may deviate for the first months after the eruption but a good agreement
from reality in a number of cases. Despite these limitations,with HALOE and ISAMS measurements later okrfeuille

this method represents a credible alternative approach to thet al, 2013. For the extratropics, results are in good agree-
latitudinal parameterization constrained by hemispheric caliment with the observations at both visible and infrared wave-
ibration from ice cores, which are found to be uncertain. lengths.

Our new volcanic forcing data set provides spectrally re- Further development could be applied to the volcanic
solved optical properties and surface area densities as a funaerosol data set. First, the development and testing of fully
tion of latitude and altitude, derived from microphysical sim- interactive stratospheric aerosol—climate models could lead
ulations which account for transport and sedimentation ofto more realistic aerosol transport for past eruptions as it
the aerosols. This can help to refine the representation of thimcludes atmospheric background state and response to the
radiative, dynamical and chemical influence of the volcanicaerosols forcing. Also, the recent increase in the background
aerosols on climate compared to using data sets based on tetratospheric optical depth since 2004-2005 could be imple-
tal optical depths at 550 nm (and radii), which do not give mented, either by increasing tropospheric,®missions or,
information on the altitude distribution of the aerosols andfollowing Vernier et al.(2011) and Solomon et al(2017),
also require additional assumptions on the aerosol size disby including several small volcanic eruptions. These recent
tributions (e.g., distribution width) in order to provide spec- volcanic eruptions include Ruang (September 2002), Manam
tral optical properties and SAD. The aerosol absorption at(January 2005), Montserrat (May 2006), Kasatochi (August
infrared wavelengths, which leads to a stratospheric warm2008), Sarychev (June 2009) and Puyehue (June 28ay).
ing and a non-negligible long-wave forcing at the surface, iswood et al.(2010 estimate for instance that the Sarychev
proportional to the aerosol volume and is directly describederuption released 1.2 Tg of $S(OCarn et al(2009 estimates
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around 1.4 Tg S@release for Kasatochi. Additionally, fu- Crowley, T. J. and Unterman, M. B.: Technical details concern-
ture scenarios of volcanic aerosols forcing can be computed ing development of a 1200-yr proxy index for global volcanism,
using the methodology described here and following the sta- Earth Syst. Sci. Data Discuss., 5, 1-28, #0i5194/essdd-5-1-
tistical approach byAmmann and Navea(2010. A prelim- 2012 2012. .

inary analysis showed that th@ao et al.(2009 ice core ~ Crowley, T. J., Baum, S. K., Kim, K.-Y,, Hegerl, G. C., and
data follows well a Pareto distribution. Extension to the pe- Yde, W. T Modeling ocean heat content changes dur-
riod before 1600 could also be done as ice core data im- '3 the last millennium, Geophys. Res. Lett, 30, 1932,
N . o . d0i:10.1029/2003GL017802003.

prove and attribution of the erOSI'[S to §peCIfIC erUpt'o_nSCrowley, T. J., Zielinski, J. G., Vinther, B., Udisti, R., Kreutz, K.,
can be done. Another future implementation could also in-  cqle.paj, J., and Castellano, E.: Volcanism and the Little Ice
volve the description of stratospheric water vaploshi and Age, PAGES Newslett., 16, 22—23, 2008.

Jones 2009, and halogens release. A modeling study of Fero, J., Steven, C. N., and Merrill, J. T.: Simulating the dispersal of
the volcanic plume dynamics and its implications for strato- tephra from the 1991 Pinatubo eruption: implications for the for-
spheric release of halogens showed that up to 25 % of the ini- mation of widespread ash layers, J. Volcanol. Geoth. Res., 186,
tial halogen release may cross the tropopatisgt6r, et al, 120-131, 2009.

2003; however, large uncertainties arise from the percentagd!eming, E., Jackman, C., Stolarski, R., and Considine, D.: Simula-
of halogens reaching the stratosphere, which itself depends tion of stratqspherlc tracers using an |mprqved empirically based
strongly on the humidity profile above the volcano and the two-dimensional model transport formulation, J. Geophys. Res.,

dvnamies of the blume 104, 23911-23934, 1999.
y plume. Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-

hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland, R.:
Changes in Atmospheric Constituents and in Radiative Forcing,
in: Climate Change 2007: the Physical Science Basis, Contri-
bution of Working Group | to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av-
eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University
Press, Cambridge, UK and New York, NY, USA, 2007.

Gao, C.: Volcanic forcing of climate over the past 1500yr: an im-
proved ice-core-based index for climate models, Ph. D. thesis,

Ammann, C. M. and Naveau, P.: A statistical volcanic forcing sce- Graduate School — New Brunswick, Rutgers, the State Univer-

nario generator for climate simulations, J. Geophys. Res., 115, Sty of New Jersey, 2008. , ,
D05107, doi10.1029/2009JD01255@010. Gao, C., Oman, L., Robock, A., and Stenchikov, G. L.: Atmospheric

Ammann, C. M., Meehl, G. A., Washington, W. M., and Zen- volcanic_loaqling de_rived from bi_polar ice_ cores: accounting for
der, C. S.: A monthly and latitudinally varying volcanic forc- the spatial distribution of volcanic deposition, J. Geophys. Res.,
ing dataset in simulations of 20th century climate, Geophys. Res. 112, D09109, dol0.1029/2006JD007462007. ) . )
Lett.. 30, 1657, doi0.1029/2003GL016872003. Gao, C., Robock, A., and Ammann, C.: _Volcanlc f_orcmg of cli-

Aquila, V., Oman, L. D., Stolarski, R. S., Colarco, P. R., and New- mate over the past 1500 years: an improved ice core-based
man, P. A.: Dispersion of the volcanic sulfate cloud from a  Index for climate models, J. Geophys. Res, 113, D23111,

Mount Pinatubo-like eruption, J. Geophys. Res., 117, D06216, doi:10.1029/2008JD010239008.
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volcanic eruptions on ocean heat content and thermal expansion,

AcknowledgementsThe study was supported by the Cogito
foundation, the Department of Environmental Science of ETH
Zurich, EU-FP7 project “ERA-CLIM” and Swiss National Science
Foundation under grant CRSI1122-130642 (FUPSOL).

Edited by: E. Zorita

References

Arfeuille, F., Luo, B. P., Heckendorn, P., Weisenstein, D., Sheng,
J. X., Rozanov, E., Schraner, M., Bronnimann, S., Thomason, L.
W., and Peter, T.: Modeling the stratospheric warming follow- ~ G€0Phys. Res. Lett., 33, L17702, dd):1029/2006GL026771
ing the Mt. Pinatubo eruption: uncertainties in aerosol extinc- 2006.

tions, Atmos. Chem. Phys., 13, 11221-11234, dbB194/acp- Goosse, H., Renssen, H., Timmermann, A., and Bradley, R. S.: I.n-
13-11221-20132013. ternal and forced climate variability during the last millennium:

Baker, L. L. and Rutherford, M. J.: Sulfur diffusion in rhyolite & model-data comparison using ensemble simulations, Quater-

melts, Contrib. Mineral. Petr., 123, 335-344, 1996. nary Sci. Rev., 24, 1345-1360, 2005. _ _
Camn, S. A, Krueger, A. J., Krotkov, N. A., Yang, K., and Evans, K.: Grégory, J. M.. Long-term effect of volcanic forcing on

Tracking volcanic sulfur dioxide clouds for aviation hazard mit- occ_e_an heat content, Geophys. Res. Lett, 37, 22701,
igation, Nat. Hazards, 51, 325-343, 2009. doi:10.1029/2010GL045502010.

Cole-Dai, J., Ferris, D., Lanciki, A., Savarino, J., Baroni, M., Haywood, J. M., Jones, A, Clarisse, L., Bourassa, A., Barnes, J.,
and Thiemens, M. H. Cold decade (AD 1810-1819) Telford, P., Bellouin, N Boucher, O., Agnew, P Clerbau>_<, (O3
caused by Tambora (1815) and another (1809) strato- Coheur, P., Degenstein, D., and Braesicke, P.: Observations of

spheric volcanic eruption, Geophys. Res. Lett., 36, L22703, the eruption of t.he Sarychev volcano and simulations using
doir10.1029/2009GL0408820009. the HadGEM2 climate model, J. Geophys. Res., 115, D21212,

doi:10.1029/2010JD014442010.

www.clim-past.net/10/359/2014/ Clim. Past, 10, 359%5 2014


http://dx.doi.org/10.1029/2009JD012550
http://dx.doi.org/10.1029/2003GL016875
http://dx.doi.org/10.1029/2011JD016968
http://dx.doi.org/10.5194/acp-13-11221-2013
http://dx.doi.org/10.5194/acp-13-11221-2013
http://dx.doi.org/10.1029/2009GL040882
http://dx.doi.org/10.5194/essdd-5-1-2012
http://dx.doi.org/10.5194/essdd-5-1-2012
http://dx.doi.org/10.1029/2003GL017801
http://dx.doi.org/10.1029/2006JD007461
http://dx.doi.org/10.1029/2008JD010239
http://dx.doi.org/10.1029/2006GL026771
http://dx.doi.org/10.1029/2010GL045507
http://dx.doi.org/10.1029/2010JD014447

374

Hegerl, G. C., Crowley, T. J.,, Baum, S. K., Kim, K.-
Y., and Hyde, W. T.: Detection of volcanic, solar and

greenhouse gas signals in paleo-reconstructions of North-

F. Arfeuille et al.: Volcanic forcing for climate modeling (1600—present)

Oman, L., Robock, A., Stenchikov, G., Thordarson, T., Koch, D.,

Shindell, D., and Gao, C.: Modeling the distribution of the vol-
canic aerosol cloud from the 1783 Laki Eruption, J. Geophys.

ern Hemispheric temperature, Geophys. Res. Lett., 30, 1242, Res., 111, D12209, ddi0.1029/2005JD006892006.

doi:10.1029/2002GL016632003.

Hegerl, G. C., Luterbacher, J., Gonzalez-Rouco, F., Tett, S. B.,
Crowley, T., and Xoplaki, E.: Influence of human and natural

Pallister, J. S., Hoblitt, R. P., and Reyes, A. G.: A basalt trigger for

the 1991 eruptions of Pinatubo volcano, Nature, 356, 426428,
1992.

forcing on European seasonal temperatures, Nat. Geosci., 4, 99Rinto, J. P., Turco, R. P., and Toon, O. B.: Self limiting physical and

103, doi10.1038/NGEO10572011.

chemical effects in volcanic eruption clouds, J. Geophys. Res.,

Highwood, E.-J. and Stevenson, D. S.: Atmospheric impact of the 94, 11165-11174, 1989.
1783-1784 Laki Eruption — Part II: Climatic effect of sulphate Plumb, R. A.: A tropical pipe model of stratospheric transport, J.

aerosol, Atmos. Chem. Phys., 3, 1177-1189,1db5194/acp-3-
1177-20032003.

Hofmann, D. J. and Rosen, J. M.: Stratospheric sulfuric acid frac-
tion and mass estimate for the 1982 volcanic eruption of El Chi-

chon, Geophys. Res. Lett., 10, 313-316, 1983.

Holton, J. R., Haynes, P. H., Mcintyre, M. E., Douglass, A. R,

Geophys. Res., 101, 3957-3972, 1996.

Robock, A. and Liu, Y.: The volcanic signal in Goddard Institute for

Space Studies three-dimensional model simulations, J. Climate,
7,44-55,1994.

Robock, A. and Mao, J.: Winter warming from large volcanic erup-

tions, Geophys. Res. Lett., 19, 2405-2408, 1992.

Rood, R. B., and Pfister, L.: Stratosphere-troposphere exchang&ander, S. P., Friedl, R. R., DeMore, W. B., Golden, D. M.,

Rev. Geophys., 33, 403—439, dif.1029/95RG02097.995.

Joseph, R. and Zeng, N.: Seasonally modulated tropical drought in-

duced by volcanic aerosol, J. Climate, 24, 2045-2060, 2011.

Joshi, M. M. and Jones, G. S.: The climatic effects of the direct
injection of water vapour into the stratosphere by large volcanic

eruptions, Atmos. Chem. Phys., 9, 6109-6118,1db5194/acp-
9-6109-20092009.

Jungclaus, J. H., Lorenz, S. J., Timmreck, C., Reick, C. H.,,

Brovkin, V., Six, K., Segschneider, J., Giorgetta, M. A,
Crowley, T. J., Pongratz, J., Krivova, N. A., Vieira, L. E.,
Solanki, S. K., Klocke, D., Botzet, M., Esch, M., Gayler, V.,

Haak, H., Raddatz, T. J., Roeckner, E., Schnur, R., Widmann, H.,

Kurylo, M. J., Hampson, R. F., Huie, R. E., Moortgat, G. K.,
Ravishankara, A. R., Kolb, C. E., and Molina, M. J.: Chemi-
cal kinetics and photochemical data for use in stratospheric data,
supplement to evaluation 12: Update of key reactions, JPL Publi-
cation 00-3, National Aeronautics and Space Administration, Jet
Propulsion Laboratory, California Institute of Technology, 2000.

Sato, M., Hansen, J. E., McCormick, M. P., and Pollack, J. B.:

Stratospheric aerosol optical depths, 1850-1990, J. Geophys.
Res., 98, 22987-22994, 1993.

Schmidt, A., Carslaw, K. S., Mann, G. W., Wilson, M., Breider, T.

J., Pickering, S. J., and Thordarson, T.: The impact of the 1783-
1784 AD Laki eruption on global aerosol formation processes

Claussen, M., Stevens, B., and Marotzke, J.: Climate and carbon- and cloud condensation nuclei, Atmos. Chem. Phys., 10, 6025-

cycle variability over the last millennium, Clim. Past, 6, 723—
737, d0i10.5194/cp-6-723-201@010.
Kayzar, T. M., Cooper, K. M., Reagan, M. K., and Kent, A. J. R.:

Gas transport model for the magmatic system at Mount Pinatubo,

Philippines: insights from?t9Pb)/22%Ra), J. Volcanol. Geoth.
Res., 181, 124-140, 2009.

6041, doi10.5194/acp-10-6025-20,12010

Schmidt, G. A., Jungclaus, J. H., Ammann, C. M., Bard, E., Bra-

connot, P., Crowley, T. J., Delaygue, G., Joos, F., Krivova, N. A.,
Muscheler, R., Otto-Bliesner, B. L., Pongratz, J., Shindell, D. T.,
Solanki, S. K., Steinhilber, F., and Vieira, L. E. A.: Climate forc-

ing reconstructions for use in PMIP simulations of the last mil-

Koyagushi, T. and Tokuno, M.: Origin of the giant eruption cloud lennium (v1.0), Geosci. Model Dev., 4, 33-45, d6i:5194/gmd-
of Pinatubo, 15 June 1991, J. Wolcanol. Geoth. Res., 55, 85-96, 4-33-20112011.
1993. Self, S. and King, A. J.: Petrology and sulfur and chlorine emissions
Mastin, L., Guffanti, M., Servranckx, R., Webley, P., Barsotti, S.,  of the 1963 eruption of Gunung Agung, Bali, Indonesia, Bull.
Dean, K., Durant, A., Ewert, J. W., Neri, A., Rose, W. |., Schnei-  Volcanol., 58, 263-285, 1996.
der, D., Siebert, L., Stunder, B., Swanson, G., Tupper, A., Volen-Self, S. and Rampino, M. R.: The 1883 eruption of Krakatau, Na-
tik, A., and Waythomas, C. F.: A multidisciplinary effort to as- ture, 294, 699-704, 1981.
sign realistic source parameters to models of volcanic ash-cloudself, S., Rampino, M. R., and Carr, M. J.: A reappraisal of the
transport and dispersion during eruptions, J. Volcanol. Geoth. 1835 eruption of Cosiguina and its atmospheric impact, Bull.
Res., 186, 10-21, ddi0.1016/j.jvolgeores.2009.01.00809. Volcanol., 52, 57-65, 1989.

Mie, G.: Articles on the optical characteristics of turbid tubes, espe-Self, S., Gertisser, R., Thordarson, T., Rampino, M. R., and
cially colloidal metal solutions, Ann. Phys., 25, 377-445, 1908.  Wolff, J. A.: Magma volume, volatile emissions, and strato-
Mitchell Jr., J. M.: A preliminary evaluation of atmospheric pollu- spheric aerosols from the 1815 eruption of Tambora, Geophys.

tion as a cause of the global temperature fluctuation of the past Res. Lett., 31, L20608, ddi0.1029/2004GL020922004.

century, in: Global effects of Environmental Pollution, edited by: Sigl, M., McConnell, J. R., Layman, L., Maselli, O., Pasteris, D.,

Singer, S. F., Reidel, Dodrecht, 139-155, 1970. McGwire, K., Dahl-Jensen, D., Steffensen, J. P., Vinther, B. M.,

Newhall, C. G. and Punongbayan, R. S. E.: Fire and Mud: Erup- Edwards, R., Mulvaney, R., and Kipfstuhl, S.: A new bipolar ice

tions and Lahars on Mount Pinatubo, Philippines, Quezon City, core record of volcanism from WAIS Divide and NEEM and im-

University of Washington Press, Seattle and London, 1996. plications for climate forcing of the last 2000 years, Geophys.
Res. Atmos., 118, 1151-1169, ddi:1029/2012JD018603
2013.

Clim. Past, 10, 359375 2014 www.clim-past.net/10/359/2014/


http://dx.doi.org/10.1029/2002GL016635
http://dx.doi.org/10.1038/NGEO1057
http://dx.doi.org/10.5194/acp-3-1177-2003
http://dx.doi.org/10.5194/acp-3-1177-2003
http://dx.doi.org/10.1029/95RG02097
http://dx.doi.org/10.5194/acp-9-6109-2009
http://dx.doi.org/10.5194/acp-9-6109-2009
http://dx.doi.org/10.5194/cp-6-723-2010
http://dx.doi.org/10.1016/j.jvolgeores.2009.01.008
http://dx.doi.org/10.1029/2005JD006899
http://dx.doi.org/10.5194/acp-10-6025-2010
http://dx.doi.org/10.5194/gmd-4-33-2011
http://dx.doi.org/10.5194/gmd-4-33-2011
http://dx.doi.org/10.1029/2004GL020925
http://dx.doi.org/10.1029/2012JD018603

F. Arfeuille et al.: Volcanic forcing for climate modeling (1600—present) 375

Sigurdsson, H. and Carey, S.: Plinian and co-ignimbrite tephra fallThomason, L. W. and Peter, T. (Eds.): SPARC: SPARC Assessment
from the 1815 eruption of Tambora volcano, Bull. Volcanol., 51,  of Stratospheric Aerosol Properties, SPARC Report No. 4, World
243-270, 1989. Climate Research Programme WCRP-124, WMO/TD No. 1295,

Sigurdsson, H., Carey, S. N., and Espindola, J. M.: The 1982 erup- 2006.
tions of El Chichon volcano, Mexico: stratigraphy of pyroclastic Thomason, L. W., Poole, L. R., and Deshler, T.: A global climatol-
deposits, J. Volcanol. Geoth. Res., 23, 11-37, 1984. ogy of stratospheric aerosol surface area density deduced from

Solomon, S., Daniel, J. S., Neely lll, R. R., Vernier, J. P., Dut-  Stratospheric Aerosol and Gas Experiment Il measurements:
ton, E. G., and Thomason, L. W.: The persistently variable “back- 1984-1994, J. Geophys. Res.-Atmos., 102, 8967—8976, 1997.
ground” stratospheric aerosol layer and global climate changeThordarson, Th., and S. Self, Atmospheric and environmental ef-
Science, 333, 866—870, db0.1126/science.1206027011. fects of the 1783-1784 Laki eruption: A review and reassess-

Stenchikov, G. L., Kirchner, I., Robock, A., Graf, H. F., An- ment, J. Geophys. Res., 108, 4011, #0i1029/2001JD002042
tuna, J. C., Grainger, R. G., Lambert, A., and Thomason, L.: Ra- 2003.
diative forcing from the 1991 Mount Pinatubo volcanic eruption, Thouret, J. C., Davila, J., and Eissen, J. P.: Largest explosive erup-
J. Geophys. Res., 103, 13837-13857, 1998. tion in historical times in the Andes at Huaynaputina volcano,

Stenchikov, G., Hamilton, K., Stouffer, R. J., Robock, A., Ra-  AD 1600, southern Peru, Geology, 27, 435-438, 1999.
maswamy, V., Santer, B., and Graf, H.-F.: Arctic Oscillation re- Timmreck, C.: Modeling the climatic effects of volcanic eruptions,
sponse to volcanic eruptions in the IPCC AR4 climate models, J. invited review paper Wiley Interdisciplinary Reviews: Climate
Geophys. Res., 111, D07107, dd):1029/2005JD006282006. Change doit0.1002/wcc.1922012.

Stenchikov, G., Delworth, T. L., Ramaswamy, V., Stouffer, R. J., Timmreck, C., Lorenz, S. J., Crowley, T. J., Kinne, S., Raddatz, T. J.,
Wittenberg, A., and Zeng, F.: Volcanic signals in oceans, J. Geo- Thomas, M. A., and Jungclaus, J. H.: Limited temperature re-
phys. Res., 114, D16104, db2.1029/2008JD011673009. sponse to the very large AD 1258 volcanic eruption, Geophys.

Stendel, M., Mogensen, I., and Christensen, J.: Influence of various Res. Lett., 36, L21708, ddi0.1029/2009GL040082009.
forcings on global climate in historical times using a coupled Toohey, M., Kriiger, K., Niemeier, U., and Timmreck, C.: The influ-
atmosphere ocean general circulation model, Clim. Dynam., 26, ence of eruption season on the global aerosol evolution and radia-
1-15, doi10.1007/s00382-005-0041-2006. tive impact of tropical volcanic eruptions, Atmos. Chem. Phys.,

Stix, K. and Kobayashi, T.: Magma dynamics and collapse mecha- 11, 12351-12367, ddi0.5194/acp-11-12351-2012011.
nisms during four historic caldera-forming events, J. Geophys.Vernier, J., Thomason, L. W., Pommereau, J., Bourassa, A.,
Res.-Solid Earth, 113, B09205, db®.1029/2007JB005073 Pelon, J., Garnier, A., Hauchecorne, A., Blanot, L., Trepte, C.,
2008. Degenstein, D., and F., V.. Major influence of tropical

Stothers, R. B.: The great Tambora eruption in volcanic eruptions on the stratospheric aerosol layer dur-
1815 and its aftermath, Science, 224, 1191-1198, ing the last decade, Geophys. Res. Lett., 38, L12807,
doi:10.1126/science.224.4654.119984. doi:10.1029/2011GL047562011.

Stothers, R. B.: Major optical depth perturbations to the stratospher&Veisenstein, D. K., Yue, G. K., Ko, M. K. W., Sze, N., Ro-
from volcanic eruptions: pyrheliometric period, 1881-1960, J.  driguez, J. M., and Scott, C. J.: A two-dimensional model of sul-
Geophys. Res., 101, 3901-3920, 1996. fur species and aerosols, J. Geophys. Res., 102, 13019-13035,

Stothers, R. B.: Major optical depth perturbations to the stratosphere 1997.
from volcanic eruptions: stellar extinction period, 1961-1978, J. Weisenstein, D. K., Penner, J. E., Herzog, M., and Liu, X.: Global 2-
Geophys. Res., 106, 2993-3003, @6i1029/2000JD900652 D intercomparison of sectional and modal aerosol modules, At-

2001. mos. Chem. Phys., 7, 2339-2355, d6i5194/acp-7-2339-2007
Stothers, R. B.: Three centuries of observation of stratospheric 2007.
transparency, Climatic Change, 83, 515-521, 2007. Wigley, T. M. L., Ammann, C. M., Santer, B. D., and

Tett, S. F. B., Betts, R., Crowley, T. J., Gregory, J., Johns, T. C., Raper, S. C. B.: Effect of climate sensitivity on the re-
Jones, A., Osborn, T. J., Ostrom, E., Roberts, D. L., and sponse to volcanic forcing, J. Geophys. Res., 110, D09107,
Woodage, M. J.: The impact of natural and anthropogenic forc- doi:10.1029/2004JD005552005.
ings on climate and hydrology since 1550, Clim. Dynam., 28, Williams, S. N. and Self, S.: The October 1902 plinian eruption of
3-34, 2007. Santa-Maria volcano, Guatemala, J. Volcanol. Geoth. Res., 16,

Textor, C., Hans, F., Graf, A. M. H., and Oberhuber, J. M.: Injection ~ 33-56, 1983.
of gases into the stratosphere by explosive volcanic eruptionsZielinski, G.: Stratospheric loading and optical depth estimates of
J. Geophys. Res., 108, D194606, d6i1029/2002JD002987 explosive volcanism over the last 2100 years derived from the
2003. Greenland Ice Sheet Project 2 ice core, J. Geophys. Res., 100,

20937-20955, 1995.

www.clim-past.net/10/359/2014/ Clim. Past, 10, 359%5 2014


http://dx.doi.org/10.1126/science.1206027
http://dx.doi.org/10.1029/2005JD006286
http://dx.doi.org/10.1029/2008JD011673
http://dx.doi.org/10.1007/s00382-005-0041-4
http://dx.doi.org/10.1029/2007JB005073
http://dx.doi.org/10.1126/science.224.4654.1191
http://dx.doi.org/10.1029/2000JD900652
http://dx.doi.org/10.1029/2002JD002987
http://dx.doi.org/10.1029/2001JD002042
http://dx.doi.org/10.1002/wcc.192
http://dx.doi.org/10.1029/2009GL040083
http://dx.doi.org/10.5194/acp-11-12351-2011
http://dx.doi.org/10.1029/2011GL047563
http://dx.doi.org/10.5194/acp-7-2339-2007
http://dx.doi.org/10.1029/2004JD005557

