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Abstract. A regional climate model has been used to studyvolcanic compounds and $S@vithin a plume is equal to that

the transport and deposition of sulfur (@nd sci*) and  observed in fumarolic gases is reasonable at small distances
PbCb emissions from Indonesian volcanoes. The sensitivityfrom the volcanic vent, but will result in an underestimation
of the atmospheric loss of these trace species to meteormf the emission flux of highly soluble species.

logical conditions and their solubility was examined. Two
experiments were conducted: 1) volcanic sulfur released as
primarily SG; and subject to transport, deposition, and oxi- 4
dation to S@*; and 2) PbCl released as an infinitely soluble
passive tracer subject to only transport and deposition. Th&spjcanic emissions can have significant environmental ef-
first experiment was used to calculate SI@ss rates from  fects on local, regional, and global scales depending on how
each active Indonesian volcano producing an annual meagyr the emissions are transported away from source prior to
loss rate for all volcanoes of 110> s™%, or an e-folding  deposition. The impacts of volcanic emissions on the envi-
rate of approximately 1 day. $Qoss rate was found to vary - ronment are defined by several variable characteristics, such
seasonally, be poorly correlated with wind speed, and uncoras their chemical and physical properties (including solubil-
related with temperature or relative humidity. The variability ity and particle size)Nlather et al.2003, as well as environ-

of S, loss rates is found to be correlated with the variabil- mental factors, i.e. volcano latitude, the maximum height at
ity of wind speeds, suggesting that it is much more difficult \yhich emissions are injecteti&lmer and Schminck@003,

to establish a “typical” S@loss rate for volcanoes that are ind speed, and precipitation.

exposed to changeable winds. Within an average distance of \p|canic emissions can be released continuously by pas-
70 km away from the active Indonesian volcanoes, 53% ofsjve degassing or mild eruptions and can be released sporad-
SO, loss is due to conversion to §0, 42% due to dry de-  ically by more violent, and short-lived, eruptions. Violent
position, and 5% due to lateral transport away from the dom-gryptions can inject volcanic emissions past the tropopause
inant direction Of plume traVel. The SO|ubI|Ity Of V0|CaniC Wlth genera”y at |east onhe to two Stratosphere_reaching
emissions in water is shown to influence their atmosphericeryptions per year Simkin, 1993 Bluth et al, 1997.
transport and deposition. High concentrations of BtEZé  stratosphere-reaching eruption clouds can cause global sur-
predicted to be deposited near to the volcanoes while volface cooling for months up to a few years by sulfate aerosol
canic S travels further a.Wa.y until removal from the atmo- (80421_) backscattering of incoming Shortwave So|ar radiation
sphere primarily via the wet deposition 0b80y. The ratio (e g. Textor et al, 2003. It was calculated byAndres and

of the concentration of Pbgko SO is found to exponen- Kasgnoc(1999 that only 1% of volcanic S@is released
tially decay at increasing distance from the volcanoes. Thesporadically, while 99% is released continuously. Contin-
more rapid removal of highly soluble species should be cony,oys, tropospheric emissions are rapidly deposited locally
sidered when observing $Gn an aged plume and relating and regionally but can have a significant atmospheric impact
this concentration to other volcanic species. An assumptiorpecause they are supplied for long periods of time, and be-
that the ratio between the concentrations of highly solublecayse volcanoes are often at elevations above the planetary
boundary layer, allowing those emissions to remain in the
Correspondence tayl. A. Pfeffer troposphere longer than, for example, most anthropogenic
(melissa.pfeffer@zmaw.de) S emissions. As an example of the relative significance of
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non-eruptive volcanic degassing, such sources may be reimate the annual flux of metals from volcanoéBnkley et
sponsible for 24% of the total annual mean direct radiativeal., 1999 and to constrain the flux balances of elements at
top-of-atmosphere forcing3raf et al, 1997). subduction zonesHjlton et al, 2002. The assumption of
Volcanic emissions are primarily 20, followed by CQ, a steady ratio of [X]/[S@] remains a subject of uncertainty,
SO, HCI, and other compounds (e.dardintzeff and  however.Pyle and Mathe(2003, for example, have shown
McBirney, 2000. Some volcanic compounds are particu- that [Hg)/[SO] ratios can vary by an order of magnitude de-
larly environmentally important because they are released irpendent on the type of volcanic activity (passively degassing
extremely small quantities by other sources. For exampleys. explosively erupting). The ratio of [X]/[Scan vary
volcanoes may be responsible for 11% of the total globalnot only dependent on the type of volcanic activity, but can
emissions of Cr, and species including Hg, Ni, Cu, and Asalso vary in time if the two species are removed at different
each contribute more than 5%lrfagu 1989 corrected by rates from the plume. As remote sensing measurements of
Mather et al. 2003. Considering the volcanic contribution SO, flux using COSPEC are performed at distances of up to
to natural (non-anthropogenic) emissions, species includin@0 km away from volcanic craters (for example at Mt. Etna;
Cd, Ni, Hg, and Pb contribute more than 15% to the globalWeibring et al, 2002, it is important to constrain how rea-
natural emissions of each. $@as been the most monitored sonable it is to relate observations of Si@®an aged volcanic
volcanic emission because the concentration of #@@hin plume to more soluble compounds.
a volcanic plume is typically orders of magnitude greater in
concentration than what is found in background ambient air. A field study examining the influence of variable meteoro-
For the past few decades the majority of volcanic, 3®- logical factors on volcanic sulfur was performedByjita et
servations have been performed with the Correlation Specal. (2003. They observed that the wet deposition ofSO
trometer (COSPEC), which measures the flux of emittegd SO and the percentage of sulfur deposited aﬁsmcreased
(e.g.Stoiber et al.1983. The (relatively) large number of with increasing precipitation.McGonigle et al.(2004 at-
published measurements of volcanic Siixes is a useful tempted to determine what meteorological parameters are the
tool for assessing the impact of volcanoes on the atmosphemmost important for influencing the loss of 3@om volcanic
because S@is an environmentally important gas. 5@ plumes by performing repeated scans of,S®©lumn con-
readily converted, within days, to %anrosol whichis cli-  centration using ground-based differential optical absorption
matically significant and is a main component of acid rain. spectroscopy (DOAS). They measured the plume of Masaya
In addition to ground-based remote sensing (includingvolcano for several days during the dry season and found that
COSPEC), fumarolic gas sampling and plume particle samtime of day (i.e. insolation strength), relative humidity, and
pling (e.g.Pfeffer et al, 200§ have contributed to an im- temperature had no significant impact on the measured SO
proved understanding of the variations in time and betweerflux rate. We have addressed the question of the influence
different volcanoes of emission compositions and strength®f meteorological conditions on volcanic plume S®@ss
and, to a lesser extent, about processes occurring within volusing an atmospheric chemistry model. We have exploited
canic plumes. There are, however, limitations to what canthis technique to hold the modeled volcanic emissions con-
be accomplished in the field. For example, ground-based restant, thus removing the inherent natural variability of vol-
mote sensing measurements of volcanie 8xes overtime  canic emission rates. This enables us to study what vari-
at one volcano can be used to observe changes in volcanic aations in atmospheric transport are due to changing atmo-
tivity as an eruption prediction tool in conjunction with other spheric conditions rather than due to changes in the volcanic
volcano monitoring techniques (for example at Montserrat;activity. The modeling technique also allows us to study a
Young et al, 2003. Remote sensing instruments can detectmuch longer time period (1 year), consider different seasons,
changes in S@emissions, but cannot determine unambigu- and to perform statistical comparisons between the 1865
ously if the observed variations are due to changes in the volrate and the varying meteorological conditions. Modeling
cano itself or to changing meteorological conditions. also enables us to calculate what portion ob%83t from the
Because S®flux rates are the most abundant volcanic volcanic plume is due to the different loss mechanisms: ox-
emission measurements, such observations have been useddation, deposition, or transport out of the plume, as well as
extrapolate to other, unmeasured volcanic compounds: “X"to consider volcanic emissions additional to,S@his paper
This is done by relating the observed concentration of SO describes a regional atmospheric chemistry modeling study
in the plume to the ratio of “X” to total S (SO+ H,S) found  that has been performed to address two questions: 1) How do
in fumarolic gases or condensates. In fumarolic gases, S igariable meteorological conditions influence volcanico,SO
found as primarily S@ and HS, and it is assumed that all concentration in the atmosphere and,9@ss rates? and
S is oxidized immediately upon exposure to air to be found2) How do the transport and deposition patterns of highly
as SQ. The method of relating “X” to S@assumes that the soluble volcanic compounds relate to £0This study has
ratio of the concentrations of “X” to SOremains constant been performed over Indonesia because this is the region of
from the time the emissions are released until the plume ighe world with the largest number of historically active vol-
measured. This technique has been used, for example, to esanoes and the region has a relatively continuous emission
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history with 4/5 of the volcanoes with dated eruptions hav-

V
ing erupted here during the past centugjnikin and Sieberyt \ >
1999 N I
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% k
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2 Experimental setup 25 N ~ {
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The regional atmospheric chemistry model REMOTE (Re- .
S, -
/

gional Model with Tracer Extensio;angmann 2000 has 851
been used to simulate meteorological conditions for the year ss-
1985, a climatologically “normal” year, i.e. neither “Elf\d” 105 1
nor “La Nifla”. REMOTE combines the physics of the re- |, i i i i i i y
gional climate model REMO 5.0 with tropospheric chemical ~ *°* 0% 105 T10E1ISE L A20E - 12se 130
equations for 63 chemical species. The physical and dynam- xSk ke mn—
ical equations in the model&coh2001) are based on the re-
gional weather model EM/DM of the German Weather Ser-
vice (Majewski 1991) and include parameterizations from
the global ECHAM 4 modelRoeckney1996. The chemi-
cal tracer transport mechanisms include horizontal and Vers 1 Emission inventory
tical advection $molarkiewitz 1983, convective up- and '

do;vn;draftdafgl;ke 1_?89’ and yertlcal d'ﬁl:js'on I(/Iehllor_ IAn annual inventory was established to represent maximum
and Yamada1974. Trace species can undergo chemica potential volcanic emissions within the modeled region of

decay in the atmosphere or can be removed from the atl'ndonesia (Fig.1). Over the past century, from 1900 to

mosphere by wet and dry deposition or transport out of the1993 63 volcanoes in Indonesia are known to have erupted
model boundaries. Dry deposition is dependent on friction ;

. ) . and 32 additional volcanoes have degassed passively, for
velocities and ground level atmospheric stabilityesley a total sum of 95 active volcanoeSifkin and Siebert
1989. Wet deposition is dependent on precipitation rate’1994). The inventory established for this work contains
mean cloud water concentration, and compqund SOIUbiIityboth continuous and sporadic volcanic emissions. Contin-
(Walcek and TaqurlQS@. 158 ggsphase reactions from the uous emissions include passive degassing as well as long-
RAD.M Il photochemical mgchamsnS(ockweIl ?t al. 1990 lasting diffusive eruptive emissions while sporadic emissions
are mclgded. 43 'Ionger-hved chem|c'al species are'treateﬁﬁ lude short-lived eruptions (typically stronger than con-
as predicted species and 20 shorter-lived ones as dlagnos% uously erupted emissions). Continuous emissions were
speciehs. With_ig the m?dszecl,bsugﬁe car;] be producedhby th‘?aken fromNho et al. (1996 as this work provides the
gas phase oxidation o y OH or the aqueous phase ; . . -
oxidation of SG via five chemical reactions: by4@s, Os, maximum published estimate of S@missions from the

. . . Indonesian volcanoes (Table 1600 Gg SQ/yr released
B o A, medcogerberoide (MHP): non-eupivey. 1900 GoSgur eruptivey: for & sum o
1986 and references therein). 3500 Gg SQ/yr continuous emissions (which is equivalent

The model was applied with 20 vertical layers of increas- to 1750 GgS)/y)). The continuous emissions were divided

. . , evenly amongst the 95 active volcanoes. This is the most
ing thickness between_the Earth's surface and Fhe 10 hP asonable assumption we could make, despite the fact that
pressure level (approximately 23 km). Analysis data of

emission rates of volcanoes are highly variable in time and

vgeather\/sbs;rvat;ons frorp thég\ljlr\;)\ﬁ:ean Centre fé)r Mebd'umci)etween different volcanoes, because only a few of the ac-
ange Weather Forecasts ( ) were used as boun ive Indonesian volcanoes have publishec §Gx measure-

ary conditions every 6 h. The physical and chemical Statements. It would have been less reasonable to have scaled the

of the attmt(_) spherfe 3\';/9&3 calpuéated evtiryl5lg1én. ITa’a(ikgroun%mission flux estimates for individual volcanoes based on the
concentrations o specie€lfang et al. 7, includ- small number of available measurements for the active vol-

Ingdsclkb, SO%*, 03 ?I_r;]d Hzoé’ \lere specmed atl tze Iatgral anoes. The division of the continuous emissions between
Model bounadaries. 1he model domain coVers INAoNesia and,  r ie active volcanoes results in a mean continuous SO

Northern Australia (91E-14T E; 19 S—8 N) with a hori- fl f 100 M f h vol

zontal resolution of 0.5(approximately 53 km in longitude wxo 36.'8 GgSQ/yr (100 gSQ/da}y) or eac. vo C‘f"”‘."

and 55 km in latitude) with 101 grid points in longitude and An esumate of the sp-orad|c erupuve voIcqmc emissions
for the region was established for this work using $iekin

55 grid points in latitude. and Sieber{1994) catalog of volcanic activitySimkin and
Siebert (1994 provide a compilation of the best known
estimates of the date and eruption strength for all of the
known volcanic activity on Earth. Each volcanic eruption is

=

Fig. 1. Emission inventory of the annual sum of continuous (erup-
tive + passive) and sporadic (eruptive) volcanic,Smnissions.
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Table 1. Estimates of Indonesian volcanic emissions.

M. A. Pfeffer et al.: Indonesian volcanic emissions

Emission style

Sflux (Gg/yr)

Reference

continuous (non-eruptive)

continuous (non-eruptive)

continuous (non-eruptive)

continuous (eruptive)

continuous (eruptive + non-eruptive)

sporadic (eruptive)

continuous + sporadic (eruptive + non-eruptive)

120 Hilton et al. (2002
210 Spiro et al(1992
1600 Nho et al.(1996
1900 Nho et al.(1996
3500 sum friimo et al.(1996 used in this study
290 calculated for this study
2100-2608almer et al(2002

continuous + sporadic (eruptive + non-eruptive) 3790 this study

assigned a volcanic explosivity index (VEI) strength which culations have been performed on the results of the “S Exper-
is an indicator of the explosiveness of a volcanic eventiment”to determine atmospheric 3@ss rates from the vol-
(Newhall and Self1982. All of the eruptions recorded in canic plumes. S@loss rate is a function of the concentration
the catalog during the last century (1900-1993) for each acef SO, at two locations within a volcanic plume, the distance
tive Indonesian volcano were summed to assemble the spdetween these two locations, and the time of travel from the
radic emission inventory. Indexes estimating the amount offirst to the second location. The calculations have been per-
SO, released due to each VEI class have been developed bipgrmed in order to replicate the analysis of field measure-
Schnetzler et a[1997), the volcanic sulfur index “VSI”, and  ments of tropospheric SQoss rates at individual volcanoes
by Halmer et al(2002), the “modified VSI”. In this study, we  (Oppenheimer et 311998.
have applied the VSI. The total number of eruptions of each SO, loss rate from the model results was calculated as fol-
VEI class was multiplied by the maximum amount of SO lows: over a given time period (year or season), the mean
released by arc volcanoes suggested by the VSI. The SOwind direction of each gridbox containing a volcano "V" was
flux resulting from this multiplication was then divided by used to define which of the 8 surrounding gridboxes in the
the 93 years of the record to generate an annual mean emisorizontal directions the SOwas most likely to be trans-
sion estimate. Averaging over 93 years removes some of theorted to: “V+1". This was repeated a second time to de-
high natural short-term variability of volcanic activity. These fine the gridbox “V+2”, a distance of 55-200 km (average
calculations indicate 290 Gg S@yr released sporadically by 120 km) away from the volcano. The mean column burden,
the Indonesian volcanoes— a sum of sporadic and continuousr the total mass per area of the given species contained in
volcanic emissions of 3800 Gg S@r (which is equivalent  the entire atmospheric vertical column (up to the top of the
to 1900 GgS)/yr). The estimated emission fluxes for the model, 10 hPa), of S@at “V” and “V+2" were then related
individual volcanoes correspond reasonably well with,SO following first order kinetics (Eql).
flux measurements of Indonesian volcanoes (Taple

The emissions of each individual volcano were released®;, = ®,ef1(2~") (1)
into the model layer at the actual height of each volcano. The
elevations of the volcanoes range from 200 m (Riang Kotang)vhere:

to 3805 m (Kerinci) corresponding to the first 12 model lev- ® = Column burden at given time [kg#h
els. tp—t1 = time to be transported from location 1 to 2 [s]

k1= SO loss rate [51]

2.2 Experiments

The mean wind speed and distance between the two grid-
Two experiments were performed: a) “S Experiment’— vol- hoxes were used to calculate the amount of time for transport
canic S was released as primarily SMat underwent oxi-  from “V” to “V+2”. The result of the calculation is the yearly
dation to SG~ following the major tropospheric chemical or seasonal mean SQbss rate % for each volcano. Col-
reactions and b) “Pb@IExperiment” — PbClreleased as an  umn burden of S@was used in this calculation as opposed to
infinitely soluble passive tracer. The “S Experiment” was single model level concentrations, as this is a more accurate
conducted to observe the transport and deposition patterngpresentation of the data that is obtained by ground-based
of volcanic S: SQ+SO§‘. The volcanic emissions were re- COSPEC. For some volcanoes, the,96ss rate calcula-
leased into the model as 96% S@nd 4% S@*. The as-  tion resulted in a negative or null value. A negative value
sumption of an initial presence of some sulfate at the sourcéndicates an increase in the concentration ob S0"“V+2”
to account for immediate oxidation processes is common ircompared with “V”. This can occur when “V+2" contains
atmospheric chemistry modeling (eSjier et al, 2009. Cal- SO, released or transported into the grid box from another
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Table 2. SO, emissions from individual Indonesian volcanoes.

SO, flux from SO, flux from
emission inventory  measurements

Volcano (Ggyr) (Gg/yr) Reference
Bromo (Tengger Caldera) 47.4 5.1Andres and Kasgnod 999
Galunggung 47.7 140.5 Bluth et al.(1994
240.9 Andres and Kasgnod 998
Merapi 55.6 36.5 Dir. of Volcan. and Geol. Haz. Mit. of Indones{a005

51.1 Andres and Kasgnod 999
73.0 LeGuern(1982
Slamet 45.4 21.2 Nho et al.(1996
Tangkubanparahu 375 27.4Andres and Kasgnod 998

volcano. A null value can occur when the wind direction is a)
so variable that the emissions are predicted in the first step tc
be transported away from the grid box “V” and in the second
step returned to it, for a net distance of 0. In both of these
situations, the calculated $S@bss rates have been excluded
from further consideration.

The “PbC}h Experiment” was conducted to observe the
transport and deposition pattern of PpCh highly solu-
ble compound released by volcanoes in relatively large con-
centrations (e.gDelmellg 2003. As PbC} is not among
the chemicals originally included in REMOTE, we included b) SO,*
PbCb in the model as an infinitely soluble passive tracer.
PbCb (solubility=0.99 g/100 ccCRC Handbook1993 is
very soluble, and not infinitely soluble, so the modeling
assumption of infinite solubility will lead to a slight over-
prediction of the solubility of PbGl The PbC} is released
as a passive tracer, and as such it is transported in the at
mosphere and is removed from the atmosphere by wet anc

2

dry deposition processes, but it does not react to form other 125 . . . . . . ==
chemical species. The emission inventory was establishec 95E 100E 105E 110E 11SE 120E 125E 130E
for volcanic SQ, so to calculate a corresponding emission C) total Send ;_/"t? o
flux of PbCh the emissions have been scaled to the ratio of AN o)
Pb to S in Indonesian fumarolic gases (TaBlewhich may 2N
produce an underestimation of the flux of the volcanic BpClI EZ%
as described earlier. 45

65

85
3 Results 108

125 . : . : . . .
The results of the “S Experiment” are presented first, fol- 95E 100E 105E 110E 115 120E 125€ 130E
lowed by the S@ loss rates that have been calculated from ko = ! I —
these results. The results of the “PpExperiment” are pre- km 0025051152253 4 6 810
sented last.

Fig. 2. Annual mean vertical column burden @) SO;, (b) sofl—,
3.1 “S Experiment” and calculated $SWss rates and(c) total S: SQ+SO§‘ for the “S Experiment”.

The modeled atmospheric distribution of volcanic S species

is shown as annual mean column burden in Bigs a) SQ, spheric concentration of SOs much higher than that of
b) SO, and c) total volcanic S (S3SC; ). The atmo-  SO;~, and dominates the sum of the two. The annual mean
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Table 3. Pb/S ratios in Indonesian volcanic gases.

\olcano Pb/S (ugm) Reference

Merapi 420 Nho et al.(1999

Merapi 35 Symonds et al(1987)

Papandayan 280 Nho et al.(1996

Mean 245 the average of the above measurements was applied in this study
Global mean 190 Hinkley et al.(1999

1.0x 10

a.) &)2 6N, Indonesian volcanoes- this study
+ Pinatubo
4N s 0 Redoubt
2N LOx10- ® e 4 Mt. St. Helens
< Nyamuragira
. En ® Mt. Etna
EQ_ % 10x 104 M. Erebus
2S % 4 Soufriere Hills
| I °
22 £ 1.0x 105 °
3
85 . ¢ °
10S+ 10x 106
125 T T ‘ .
95E 100E 105E 110E 115E 120E 125E 130E Lox -
; =— 1000 10000 100000

Height (volcano/plume; m)

b) 8042' 6N+ \\ J//\ S

Fig. 4. Modeled SQ loss rates (yellow squares) are plotted against
the actual height of each volcano and measuregd IB€ rates from
Oppenheimer et a{1998 are plotted against the observed plume

height.
105
12 T T T s ] . .. .
95E 100E 105E 110E 115E 120E 125E 130E the figures. This is a result of the concentrations o &6d
c) total Sen{TT 7 ? SO;~ defined at the boundaries of the model domain to rep-
AN resent input from pollution from outside the modeled region
N and is not a result of the transport of volcanic S.
EQ . e
251 \Volcanic S deposition is presented as a) the annual sum
45- of the dry SQ deposition, b) dry + wet Sﬁj deposition,
65- and c) the total volcanic S deposition as the sum of the two

85- (Fig. 3). More than 99% of S§T is deposited via wet depo-

1057 _ sition, so only the total Sb deposition is shown. SQ0s dry
Q. | . . .
1R 100E 105 110E 115 120E 15 130E deposited in large concentrations close to the volcanoes, up
Mg(s — T e— to 3 Mg(S)/km?, but with almost no deposition away from
km? 00.050.10.20.30.50.70.91.252 2.5 3 the volcanoes. S§J, in comparison, has a maximum an-

nual deposition of only up to 1.25 M&)/km?, with much
Fig. 3. Annual sum of thea) dry SO, deposition,(b) dry + wet ~ more significant deposition away from the volcanoes. 83%
SO;~ deposition, andc) total S: dry SQ + dry + wet SG~ depo-  Of the volcanic S is deposited as 50 There is an average
sition for the “S Experiment”. annual sum of deposition over the entire modeled region of
45.6 kg(S)/km? SO, and 219.6 kgS)/km? SC; .

The SQ loss rates calculated from the model results
column burden of S@ranges from 1.5-10 k@)/km? and  (3.2x10 7-4.1x105s"1) agree well in magnitude with
SO, from 0-1.5 kgS)/km?. Qualitatively, both S@and SO, loss rates measured at individual volcanoes in other
soﬁ— show the highest concentrations near to the volcanoesparts of the world (1.910~7-5.4x10-3s~1) (Fig. 4) (Op-
while away from the volcanoes the concentration decreaseqenheimer et al.1998. There is a large variability in SO
with the dominant transport away from the volcanoes to-loss rates measured at different volcanoes, and at Mt. Etna
wards the east. Relatively high atmospheric concentrationglone, SQ loss rates have been observed to vary over 3 or-
of the S species are also seen at the northern boundaries dérs of magnitude.
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M. A. Pfeffer et al.; Indonesian volcanic emissions 2531

5.0x10° 4.0x 105 50
. ° @
o~ 40x105] ’ . a0 £
) ~ 30x10°5 2
g _ b 5
S 30x10° 8 T 302
~ 2.0x 1054 =.
é 2.0x 10°%] 4 T 4 a
~ = y r2.0 4
& 1.0x 1051 . 8 1ox 105, it
2 10 3§
0 7 T T T T ‘ \U?;‘

0.0 1.0 20 3.0 40 0 0

) North  Apr/May  South  Oct/Nov
Wind speed (m/s) monsoon monsoon

Season
Fig. 5. Annual mean S@loss rates for each modeled volcano plot-
ted against the annual mean wind speed at the height of each voFig. 6. Seasonal S@loss rates (green boxes) and mean ground-
cano. level wind speeds (orange diamonds).

Figure5 shows a box plot of the bin wind speed over 1sm  the seasonal means averaged over all of the volcanoes. The
intervals plotted against SQoss rates. The lower edge of only season with a significantly higher mean 3@ss rate is
the box represents the 25th percentile value and the uppehe south monsoon, which is distinguished by the strongest
edge the 75th. The height of each box shows the interquarwind speed.
tile range for each bin and is an indicator of the variability [ oss of volcanic S@from the atmosphere can be accom-
of the values. The line across the box indicates the mediaplished via the dry deposition of SCGand by oxidation to
(50th percentile). Four outlayer values are shown as oper&;ofl—_ There can also be an apparent;3@ss due to trans-
circles and three extreme values as stars. The correlation bgyort outside of the measured plume (in the field) or outside
tween windspeed and $doss rate is weak but statistically of the predicted transport route (in the calculations performed
significant (p<0.01; R?=0.2). There is a general trend of in-  on the model results). The percentage ob%®t due to dry
creasing wind speed associated with increasegli§€3 rates  deposition was calculated by dividing the annual mean dry
as well as an increase in the variability of the SQss rates.  deposition of S@ for one day by the difference in column
Temperature and relative humidity, in contrast, demonstratéurden of S@ between locations “V” and “V+1”, while the
trivial and non-significant 2<0.02) correlation with S@  percentage of Sglost due to oxidation was calculated by di-
loss rate. It was relevant to look for a correlation with tem- viding the annual mean column burden of§0n grid box
perature and relative humidity because these meteorological/” by the difference in column burden of Setween loca-
parameters influence the pathways 0b$®SC;~ formation  tions “v” and “V+1". The remaining lost S@was attributed
as well as precipitation, which influences removal processesio lateral transport. The average for all volcanoes within an

SO loss rates have been calculated for each month andverage of 70 km away from the volcanoes is 53% of SO
season based on the monsoonal winds: north monsoolwoss is due to conversion to 50 42% to dry deposition, and
(December—March); April/May intermonsoon (April-May); 5% due to lateral transport. These percentages do not con-
south monsoon (June—September); and October/Novembeinue at greater distances from the volcanoes. Between loca-
intermonsoon (October—November). The north monsoon idions “V+1” and “V+2” (an average distance of 70—120 km
distinguished by winds blowing predominantly from China, from the volcanoes) the sum of the column burden oﬁSO
the south monsoon by winds blowing predominantly from and the daily dry deposition of SQs greater than the loss
the Indian Ocean and Australia, and the intermonsoon seasf SO,. This apparent incongruity can be explained by the
sons are distinguished by weak and variable direction windstransport of S@ from other volcanoes into gridbox “V+2”.
SO, loss rates as a function of season are shown as a box plahile some sulfate may be transported into box “V+2”, the
in Fig. 6. Three outlayer values are shown as open circles andransport of sulfate is much less than that of,S§e@cause
one extreme value as a star. The only seasons with outlayeis sulfate’s high solubility and tendency to be washed out of
and extreme values are the two monsoon seasons. Excludirthe atmosphere very quickly. Despite the fact that the per-
the outlayers and extremes, winter has the lowest variabilitycentage loss analysis fails between boxes “V+1" and “V+2"
and spring the highest. The mean seasongl B6s rates  due to SQ from neighboring volcanoes, we have applied the
for all volcanoes vary between %10 6s~1 (April/May) SO, loss rate equation between points “V” and “V+2” rather
and 1.3<10°° s~! (south monsoon). A greater variability than between “V” and “V+1”. This is because there is only a
is demonstrated between individual volcanoes than betweesmall difference in the calculated annual mear, 8s rate
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Fig. 7. Annual mean column burden of PChbor the “PbCh Ex-

. Y Fig. 9. Annual sum of total deposition for each modeled grid box
periment”.

as a function of the distance to the nearest volcano (“pPbgberi-

ment”; blue; “S experiment”: yellow). The solid lines (correspond-
7 ing colors) are the bin mean over 10 km intervals. To show the S
and Pb on the same scale, the Pb has been multiplied by 4082, the
inverse ratio of Pb/S in Indonesian fumarolic gases.
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{ Fig. 8. More than 99% of PbGlis deposited via wet depo-
, sition, so only the sum of the two is presented. The RIxCI
deposited in concentrations of up to 2(®p) / km? with an
average annual sum of 52@b)/km? of PbCh deposited in
the modeled region.

Both the atmospheric burden and deposition of Pb are

4s

6S 4

8S
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125 ; : , , : : £2 three orders of magnitude less than that of S. In both ex-
95E 100E 105E 110E 115E 120E 125E 130E . . . . . . .
periments, deposition is relatively uniform with relation to
kg (Pb) ——T [N [ e — ) X o
km* 0 0025 005 0.1 015 0z 03 05 075 1 15 2 distance from any given volcano and not very distinctive for

individual volcanoes. We attribute this to the resolution of
the model experiments and to the assumption of an even dis-
tribution of the continuous volcanic emissions between the
active volcanoes. Pbgls rapidly deposited very close to

(e-folding rate of 1.3 day versus 1 day) while there is an in-the volcanoes, resulting in high local concentrations and a
crease of 1.5 times as many volcanoes that must be excludegharp decline in deposition at greater distances from the vol-
from the loss rate calculation between points “v” and “v+1" canoes. While S@is calculated to have an annual mean loss
compared with between “V” and “V+2". rate of 1.1x 10~° s~1, or an e-folding rate of approximately 1
Temperature, relative humidity, and wind speed have beerflay, PbC# is calculated to have a loss rate of 80> s ™1,
related to the relative percentage of SOst due to the dry  or an e-folding rate of approximately 0.2 day. 5B less
deposition of S@, oxidation to S, and transport outside ~ Soluble in rain than PbgJ and has some dry deposition, but
of the predicted plume pathway to see if there is any correlais mostly transported away from the volcanoes prior to con-
tion between variations in the meteorological conditions andversion to water-soluble SO. Because most of the $Gs
the manner in which SQis lost. No such correlation was transported and then converted toﬁ@atherthan deposited

Fig. 8. Annual sum of dry + wet PbGldeposition for the “PbGl
Experiment”.

found. directly as SQ, there is more S deposition at increasing dis-
_ tances from the volcanoes compared with BbCteating a
3.2 “PbC} Experiment” less steep gradient of S deposition (F&%), and hence, the

o ) , larger e-folding rate.
The modeled atmospheric distribution of volcanic PbiSI

shown as annual mean column burden in FigThe annual

mean column burden of PbQianges from 0-3 ¢Pb) /km?. 4 Discussion

Atmospheric PbGlis found in greatest concentrations near

to the volcanoes, with only slight easterly transport. The an-We will interpret the modeling results and discuss how these
nual sum of the wet and dry PhCtieposition is shown in  results can be used to address the two questions described
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above: 1) How do variable meteorological conditions influ- 2
ence volcanic S@concentration in the atmosphere and,SO

loss rates? and 2) How do the transport and deposition pat: —
terns of highly soluble volcanic compounds relate t0,30

After addressing these two questions, we will consider how
the volcanic emissions may have influenced the peat forestsg
in the region. 3
Q 100
L
4.1 Meteorological influences on S@ss rate §
The large variabilities of S@loss rates measured at individ- 8
ual volcanoes have been attributed to variable atmospheric
and plume condition<Eppenheimer et gl1998. Our model Vv V+1 V+2
results suggest, albeit weakly, that the meteorological con- 0 70 120
dition most significantly influencing the variability of SO Average distance (km)

loss rates is wind speed. The suggested relationship between

stronger winds and greater $@ss rates may indicate an in- Fig. 10. Annual mean column burden of [PEISO,] for all vol-

crease in dry deposition at higher winds. Within the model, canoes plotted against the mean distance from each volcano (km)
dry deposition is dependent on turbulence, which is enhancegbr ocations “v”, “V+17, and “V+2”.

by stronger winds. We did not find, however, a correlation

between increased wind speed and an increased percentage

of SO, lost due to dry deposition. A simpler explanation 4.2 Differences in transport and deposition patterns due to
for the correlation between increased S@ss rate and in- solubility

creased wind speed is that given a constant emission rate,

stronger winds transport mass away from an emission sourc¢he influence of solubility on deposition patterns is illumi-
more quickly, reducing the concentration of S@und at  nated by comparing the results of the two performed ex-
a given distance from a volcano. A relationship betweenperiments (Fig9). The dependency of deposition rate on
stronger winds and greater variability of $0ss rates has  so|ybility has implications for the accurate extrapolation of
been shown. The ramifications of this are that it may be morgneasurements of SGlux in aged volcanic plumes to other
difficult to obtain a characteristic Sdoss rate for a vol-  compounds. The further away from a volcano such measure-
cano that is exposed to highly variable wind conditions, aSments are made, the less accurate it is to assume that the con-
opposed to a volcano that is exposed to more constant windgentration of volcanic Smeasured there has the same ratio

The environmental conditions in this study are uniqueto more soluble species as the ratio measured in fumarolic

for Indonesia. There are a large number of active volca-925¢S- _ _ o
noes close to each other, potentially resulting in overlapping 1he ratio of [PbGIJ/[SO] in the air decreases with in-
plumes. The transport of S@rom other volcanoes into grid-  creasing distance from the volcanoes as the PhChle-
boxes under consideration produces a complication for thé?osited (Fig.10). Figure 10 is a box plot with the same
analysis of the S@loss rates. The strong year-round solar SPecifics as for Fig& and6. Four outlayer values are shown
radiation promotes the rapid oxidation of $® sulfate and @S Open circles at location “V". The interquartile range in-
the high rainfall of Indonesia results in the rapid deposition Creases at greater distance from the volcanoes indicating that
of sulfate. The conclusions drawn in this study about the at-the variability of the [PbGI//[SO] ratio is growing at greater
mospheric loss of volcanic SCare only applicable to this ~ distances from the volcanoes. The median [BHSO,]
region and should be extrapolated to other volcanic regiond@tio decreases exponentially at greater distances from the
cautiously. Further fieldwork-based research that consider¥0lcanoes with the mean exponential rate of decay of the
variations in wind speed and apparent;3@ss rates may be [PbChL]/[SO,] ratio based on these three distances being
able to form a more conclusive statement about the possiblé=1065€_o‘002x-

correlation between wind speed and Si@ss rates. It may Where:

be important to consider wind speed variations when makingy=[PbCb]/[SO2] («g/g)

interpretations about changes in volcanic activity based ont = distance from volcanoes (km).

remote SQ measurements. Some variations in,Sf0x ob-

served over time at one volcano may be due to differences in The mean [PbGl / [SO;] ratio at the three distances are:
the winds, as opposed to variations in the volcanic emissionsvV’=107.7; “V+1"=89.3; and “V+2"=83.2ug/g. The ratio
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Within Indonesia, there are two main types of peat: ombroge-
nous and topogenouPdge et a).1999. Ombrogenous peat
receives nutrients only from atmospheric deposition while
g@ topogenous peat also receives nutrients from groundwater.
Ombrogenous peat is therefore more useful for interpreting

the historical deposition of atmospheric compounds. In this
work we have compiled measurement data from the literature

Sampling |ocm.ons - of S in four ombrogenous peat areas in Indonesia for compar-
s ;isnzkafggimgqu W/ ison with the modeled S deposition (FiL; Table4).
1057 C: Batanghari River® The average S of each sampled peat core was calculated
25,1 T T T~ T by mu!uplymg the average percent S in each of the four pgat
Fracion of  ~—— S —— sampling Iocat_|ons with t_he average peat dry pulk density
grid cell peat 0 01 02 03 04 05 06 07 08 09 1 (018 g/crnB) glven by Shlmada et a|(200]) Th|S Value

Fig. 11. Peat sampling locations on a map of the fractional peatWas multiplied by the mlnlm_um (1.7 mmr)_ and maXImgm
coverage of the modeled region (aftéeil et al, 2005. 1 Wiist and (4.3 mnyyr) peat accumulation rates provided ypardi et

Bustin (2001); 2 Weiss et al(2002; 3 Esterle and Ferr(1994; 4 al. (1993, resulting in the presented range of values for the
Supardi et al(1993. S deposition of each peat core. The average % S was cal-

culated from 3—-16 samples within each peat core. Peat core
samples had both total S afiC age measured, or had only
of 107.7 pg PbGl/g SG, is equivalent to 160.5 ugRPgS.  total S measured and were very close to another peat sam-
This differs from the 245 pg Py S defined as the ratio of ple where!C was measured. S values from portions of the
Pb/S in the primary volcanic emissions (TaB)ebecause of peat cores that were dated to be less than 150 years old were
SO, released by other volcanoes and transported into gridboxiot included in the average as these S values may have been
“V. influenced by human activity.

Based on this mean rate of decay, we estimate that calcula- A comparison between the modeled S deposition and the
tions (e.g. based on COSPEC measurements) which assunfiate of S deposition measured in the peat core samples re-
a constant [X]/[S] ratio as found in fumarolic gases will re- veals values with the same orders of magnitude (Tdhle
sult in a 6% underestimation of the emission flux of highly The potential volcanic contribution to the peat S has been cal-
soluble species at 30 km distance away from a volcanic vent€ulated on the basis of what percentage of the peat S could
at 100 km, this would grow to an 18% underestimation. Ourbe attributed to the deposition of volcanic S. We find that
results indicate that the assumption of a constant ratio be6—72% of the S measured in the peat samples could have
tween SQ and other, highly soluble species such as BlixCI  volcanic origin. There is a relatively uniform concentration
justified at distances where COSPEC is usually performed. of volcanic S predicted to be deposited on all four peat ar-

eas (215-285 ktkm? — yr). This is because of the distance

4.3 Comparison between modeled S deposition and pedietween the peat areas and the nearest volcanoes (minimum

core samples 153 km) and the relatively homogeneous modeled deposition

of S at these distances from the volcanoes. It would be help-

We have used the modeling results to examine the hypothesiil to be able to compare the model results with a peat sample
proposed by angmann and Grg003 that the Indonesian collected nearer to the volcanoes, but we have not been able
volcanic emissions have had a significant influence on theo obtain such a sample. We find the agreement in scale to
sulfur content of peat in the area. In order to assess the pde a strong indication that the modeled deposition of the vol-
tential contribution of volcanic emissions to the sulfur con- canic S is reasonable.
tent of Indonesian peat, we have compared the modeled S Our modeling results indicate that the Indonesian volca-
deposition with the concentration of S measured in peat coreéoes have contributed slightly to the quantitative sulfur con-
samples collected in the modeled region. Peat can serve astant of peat in the region. This does not suggest that the
historical record of atmospheric deposition for time periodsvolcanic S has little qualitative contribution to the the peat's
of up to thousands of years. The peat areas of Indonesia magharacteristics. Sulfur cycling within peat is complicated,
be particularly useful recorders of the deposition of volcanicand peat is not a closed systemloore et al.(2004 have
emissions because of the large number of historical and modfound that approximately 75% of anthropogenic S deposited
ern active volcanoes in the vicinity of peat arekar(gmann  onto peat in eastern Canada is accumulated within the peat.
and Graf 2003. It has been suggested in several studiesThis value may differ depending on the different origins of
that anomalous, high concentrations of S and other chemicalthe S, such as volcanoes, sea spray, and anthropogenic pollu-
including Pb in peat core samples (collected outside of In-tion, as this may dictate the state of the deposite@emp-
donesia) may be due to volcanic deposition (&/giss et al. son and Bottrel(1998 have demonstrated th&phagnum,
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Table 4. The letters in parenthesis refer to the sampling locations marked i1 Fig.
Comparison of modeled S deposition and peat core samples.

Distance to Measured S Modeled S Reference
Sampling nearest accumulation deposition VolcanicS (% S measured
location volcano (km) (kgkm? —yr)  (kg/km?2 — yr) (%) in peat core)
Riau (A) 153 398-1006 285 28-72 Supardi et al(1993
Batanghari River (B) 160 1744-4412 264 6—1Fsterle and Ferr{il994
Tasek Bera (C) 258 796-2012 215 11-2%Wiist and Bustir{200)
Sungai Sebangau (D) 396 428-1084 253 23-BBleiss et al(2002

a common peat plant in Northern latitude peat areas buts justified at individual volcanoes. Extrapolating from SO
not in Indonesia, preferentially incorporates partially reducedmeasurements to establish global inventories may, however,
sulfur species, and it follows that the source of deposited Sgenerate a significant underestimation of the emission rates
may influence how it is incorporated into Indonesian peat.of highly soluble species, and the solubility effect should be
Within peat, sulfur can be reduced by bacterial activity, givenconsidered.
off as HpS gas, and transported downwards and laterally out
of the peat dependent on the local hydrolodjpyak et al, Acknowledgementsie thank M. Halmer and an anonymous
2009. This study cannot address how the volcanic S mayreviewer for their help in focusing the manuscript and making
have influenced the properties of the peat, and a field studyhe results clearer. We thank E. Marmer, A. Heil, P. Wetzel, and
incorporating other additional tracers for volcanic activity P. Weis for their help and discussion and for internally reviewing
could shed more light on this question. the manuscript. We also thank the German Climate Computing
Center (DKRZ) for computer time to run these experiments. MAP
was funded by a stipend from the Ebelin and Gerd Bucerius ZEIT
5 Conclusions Foundation through the International Max Planck Research School
on Earth System Modeling.
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