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Atmospheric evolution of volcanic smog (“vog”) from Kilauea:  28 

Real-time measurements of oxidation, dilution, and neutralization within a volcanic plume 29 

 30 

Abstract. 31 

The high atmospheric concentrations of toxic gases, particulate matter, and acids in the areas 32 

immediately surrounding volcanoes can have negative impacts on human and ecological health. 33 

In order to better understand the atmospheric fate of volcanogenic emissions in the near field (in 34 

the first few hours after emission), we have carried out real-time measurements of key chemical 35 

components of the volcanic plume from Kīlauea on the Island of Hawai‘i. Measurements were 36 

made at two locations, one ~3 km north-northeast of the vent and the other 31 km to the 37 

southwest, with sampling at each site spanning a range of meteorological conditions and volcanic 38 

influence. Instrumentation included a sulfur dioxide monitor and an Aerosol Chemical 39 

Speciation Monitor, allowing for a measurement of the partitioning between the two major sulfur 40 

species (gas-phase SO2 and particulate sulfate) every 5 minutes. During trade wind conditions, 41 

which sent the plume toward the southwest site, sulfur partitioning exhibited a clear diurnal 42 

pattern, indicating photochemical oxidation of SO2 to sulfate; this enabled the quantitative 43 

determination of plume age (5 hours) and instantaneous SO2 oxidation rate (2,4x10
-6

 s
-1

 at solar 44 

noon). Under stagnant conditions near the crater, the extent of SO2 oxidation was substantially 45 

higher, suggesting faster oxidation. The particles within the plume were extremely acidic, with 46 

pH values (controlled largely by ambient relative humidity) as low as -0.8 and strong acidity 47 

(controlled largely by absolute sulfate levels) up to 2200 nmol/m
3
. The high variability of sulfur 48 

partitioning and particle composition underscores the chemically dynamic nature of volcanic 49 

plumes, which may have important implications for human and ecological health. 50 

51 
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Introduction. 52 

Volcanoes are a major source of sulfur to the atmosphere, accounting for ~20-40% of natural 53 

sulfur emissions and ~10% of sulfur emissions overall.
1
 Gaseous forms of volcanogenic sulfur 54 

include sulfur dioxide (SO2, 13.4 Tg/yr), hydrogen sulfide (H2S, 2.8 Tg/yr), and other trace 55 

species.
2
 Particulate sulfate (SO4

2-
) is also emitted directly from volcanoes,

3
 though most 56 

volcanogenic sulfate is secondary, formed from the atmospheric oxidation of SO2. Because of 57 

the large impact that sulfate particles have on the radiative balance of the atmosphere, via direct 58 

interactions with radiation as well as modification of cloud properties and lifetimes,
4
 much of the 59 

focus on volcanoes in the atmospheric chemistry literature has been on quantifying their impact 60 

on past and present climate. However, volcanic emissions can also have adverse impacts on 61 

human and ecological health. It is estimated that over 450 million people worldwide live near 62 

active volcanoes,
5
 and toxic volcanic gases and particulate matter therefore are likely to pose a 63 

health hazard globally.
6,7

 64 

Within the United States, the dominant source of volcanic sulfur emissions is Kīlauea 65 

Volcano on the Island of Hawai‘i. Kilauea currently emits ~1 Tg SO2 per year;
8
 this is smaller 66 

than anthropogenic SO2 emissions in the U.S. (~6 Tg SO2/yr 
9
) but derives from a single point 67 

source, and so can have major impacts on local health and ecology. The plume of volcanic 68 

emissions (“volcanic smog”, or “vog”) is known in the area as a major nuisance, and has been 69 

shown to have adverse cardiorespiratory health impacts on island residents.
10-13

 This has been 70 

especially pronounced since March 2008, when a new vent opened in the Halema‘uma‘u crater 71 

(see Figure S1), shifting the majority of the volcano’s emissions further inland, increasing the 72 

vog exposure of local residents, and leading to exacerbated health effects.
14,15

 Since the 73 

meteorology is dominated by strong trade winds, most of the time the Halema‘uma‘u plume 74 
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travels to the southwest, passing through communities such as Pahala (population 1,356). 75 

Communities on the west coast (such as Kailua, population 11,975) can also be affected via 76 

onshore/offshore winds. However at times (especially in the winter) the wind pattern can reverse, 77 

with “Kona winds” sending the plume to the northeast, toward more populous areas such as Hilo 78 

(population 43,263). Thus the Halema‘uma‘u plume has the potential to affect the health and 79 

well-being of a large number of people living in the region. 80 

The detailed impact of such volcanic emissions on human and ecological health is a 81 

function of not only the plume’s intensity (which is controlled by emission rate and transport) 82 

but also the relative abundance of various chemical species within the plume. Because of 83 

chemical reactions that take place within the plume, the plume composition is highly dynamic, 84 

16,17
 and dependent on a number of factors that vary with time and location (e.g., meteorological 85 

conditions, sunlight, and local emissions). Such reactions will govern the amount and 86 

composition of volcano-derived particulate matter; key reactions are the oxidation of SO2 to 87 

form particulate sulfuric acid,
18

 and the subsequent neutralization of the sulfuric acid by ambient 88 

ammonia to form ammonium sulfate salts
19,20

: 89 

SO2 (g) + ox  H2SO4 (p)     (R1)
 

90 

H2SO4 (p) + NH3 (g)  NH4HSO4 (p)   (R2) 91 

NH4HSO4 (p) + NH3 (g)  (NH4)2SO4 (p)   (R3) 92 

where “g” and “p” denote the gas phase and particle phase, respectively, and “ox” refers to 93 

oxidant (in the gas or condensed phase). Since the loadings and composition of the particles are 94 

likely to play a role in the human and ecological effects of the plume, it is important that the 95 

details and rates of these reactions be well understood. However, while substantial effort has 96 

gone into understanding the emissions and chemistry of volcanic SO2 (as well as trace volcanic 97 
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species, such as H2S, HCl, etc.), 
16,17,21-24

 the detailed chemistry underlying the formation and 98 

evolution of volcano-derived particulate matter has received less study. This is in part due to the 99 

challenges associated with measuring particle composition. Mass measurements of PM2.5 100 

(particulate matter of diameter 2.5 microns or smaller) are of limited utility for constraining 101 

volcanic emissions due to the contribution from non-volcanogenic sources of aerosol, such as 102 

fossil fuel burning and dust. Particle composition can be determined from filter-based collection 103 

followed by offline chemical analysis,
3,19,20,24,25

 but since sample collection typically requires a 104 

few hours to days per filter, such measurements suffer from poor time resolution, providing 105 

limited information on temporal variability. Such techniques are also subject to sampling or 106 

chemical artifacts, such as from neutralization of acidic sulfate. 107 

 In this study we apply a relatively new technique, aerosol mass spectrometry,
26,27

 to the 108 

characterization of the evolving chemistry of the Kīlauea plume during the first several hours 109 

after emission. The high time resolution (a few minutes per measurement) of this technique 110 

allows for the characterization of rapid changes in plume chemistry. Volcanic plumes have 111 

previously been detected using aerosol mass spectrometry;
28-31

 however this represents the first 112 

use of the technique in the near-field, aimed at characterizing the temporal variability in particle 113 

composition that arises from sulfur oxidation and neutralization reactions. Measurements were 114 

made at two different sites, under varying meteorological conditions and plume ages, providing 115 

insight into the factors controlling the mass and chemical composition of volcano-derived sulfate 116 

particles. 117 

 118 

Methods. 119 
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All measurements were made on the Island of Hawai‘i in January-February 2013, as part of 120 

TREX (“Traveling Research Environmental eXperience”), an MIT undergraduate class covering 121 

fieldwork in environmental science and engineering. Emissions from the vent of Kīlauea’s 122 

Haleama‘uma‘u crater were sampled at two locations over the course of the study (see Figure 123 

S1). From January 17 to January 23, measurements were made at Kilauea Military Camp 124 

(KMC), located on the north rim of the crater, ~3 km north-northeast of the vent. For these 125 

measurements, the instruments were housed inside a minivan, which enabled mobile 126 

measurements (not discussed here). Subsequent measurements (January 23 to February 6) were 127 

made in the town of Pahala, located 31 km southwest (directly downwind during typical synoptic 128 

flow) of the vent. These measurements were taken within the Hawai‘i Department of Health 129 

(DOH) air quality monitoring station located in the town. 130 

The key chemical measurements were of fine particles (mass concentration and chemical 131 

composition) and sulfur dioxide, allowing for the detailed characterization of major sulfur-132 

containing species (sulfate and SO2) with high (~5 minute) time resolution. Particle mass and 133 

composition were measured in real time using an Aerodyne Aerosol Chemical Speciation 134 

Monitor (ACSM). The description and operation of this instrument has been described in detail 135 

elsewhere.
27

 Briefly, sampled particles are aerodynamically focused into the high-vacuum 136 

detection region, where they are thermally vaporized at 600ºC and analyzed using electron 137 

impact mass spectrometry. The resulting aerosol mass spectra provide online real-time mass 138 

concentrations of non-refractory aerosol species (sulfate, nitrate, ammonium, chloride, and 139 

organics). The ACSM detects particles with vacuum aerodynamic diameters of 75-650 nm, 140 

which spans nearly the entire accumulation mode, so that all secondary sulfate is likely to be 141 

measured. However primary volcanic particles can be somewhat larger than this, with ~50% of 142 
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the sulfate mass found in particles larger than 650 nm.
20,25

 This might imply that primary sulfate 143 

is somewhat underestimated in the present study, though this effect is difficult to quantify, due to 144 

the lack of sizing measurements and the unknown role that particulate water plays in controlling 145 

particle size. Background sulfate levels (a combination of background ambient levels plus 146 

instrumental background) were 0.18 μg/m
3
 and 0.075 μg/m

3
 at KMC and Pahala, respectively, as 147 

determined from measurements during clean periods; these values were subtracted from all 148 

measurements to isolate concentrations of volcanic sulfate. At KMC, air was sampled through a 149 

1.5 m section of ¼” OD copper inlet at 1.5 SLPM, positioned out the rear passenger window of 150 

the minivan. At Pahala, the PM inlet system was extended (3.7 m total length) in order to co-151 

locate the sampling inlet with that of the DOH instrumentation. A Nafion drier was used to 152 

control the relative humidity (30-55%) of the sampled air. Filtered ambient air from a sampling 153 

pump (KNF) was used to provide the drier with continuous sheath flow. The temperature and 154 

relative humidity of the PM inlet air were monitored and logged throughout the campaign. For 155 

all measurements, a collection efficiency of 1 was used, based on the highly acidic nature of the 156 

particles.
32

 Other details of the operation and calibration of the ACSM are given in the 157 

Supplementary Information. Measurements were made every 4.8 minutes. 158 

SO2 measurements were made using a UV fluorescence monitor (Teledyne 100E), with 159 

ambient air sampled via a ¼” OD Teflon line co-located with the PM sampling inlet. The 160 

instrument was calibrated at the Pahala DOH station with ambient SO2, using the measurements 161 

from the regularly-calibrated DOH monitor (Thermo Model 43C). Signals from both 162 

instruments, spanning several orders of magnitude in SO2 concentration, were highly correlated 163 

(R
2
=0.997), enabling this in-field calibration. All measurements required a zero-offset correction, 164 

which was determined from measurements of air free of volcanic influence, and found to be 165 
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different at Pahala (1.9 ppb) than at KMC (14.9 ppb). The reason for this difference is not clear, 166 

but may be related to the elevation difference (292 vs. 1220 m) at the two sites. SO2 167 

measurements were made every minute, though for comparison with aerosol data they were 168 

averaged over the 2.4-minute time periods during which the ACSM was sampling ambient air. 169 

Other ancillary measurements include local temperature and relative humidity (Sensirion, 170 

1s time resolution), used for calculations of aerosol pH. Wind speed, wind direction, and other 171 

meteorological parameters were also measured at the DOH station, though at Pahala these were 172 

heavily influenced by local meteorology, namely upslope/downslope flow (Figure S2), and so 173 

provide limited insight into the overall trajectory of the volcanic plume. Instead, wind speed and 174 

wind direction are taken from the hourly measurements made by the National Park Service 175 

(available at http://ard-request.air-resource.com/), taken at the USGS Hawaiian Volcano 176 

Observatory (HVO). The HVO is located on a flat plain on the northwest rim of the crater, and 177 

hence such measurements provide information on the overall meteorology at a given time (e.g., 178 

trade wind conditions vs. stagnant conditions) and thus on the transport of the volcanic plume 179 

just after emission. 180 

 181 

Results and Discussion. 182 

Meteorological conditions. Key measurements of the meteorology and sulfur chemistry taken 183 

over the course of the entire study (wind speed and direction, [SO2], and sulfate and ammonium 184 

loading) are shown in Figure 1. (All dates and times are local, UTC-10:00.) The meteorological 185 

measurements (top panel) indicate that there were five distinct periods during sampling. Two of 186 

the periods (period I, Jan. 17-20, and period IV, Jan. 26-30) were characterized by relatively 187 

stagnant conditions, with wind speeds below 2 m/s. Two others (II: Jan. 21-23, and V: Jan. 31-188 
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Feb. 6) were characterized by trade winds, with winds coming from the north-northeast at speeds 189 

of 4-8 m/s. Period III (Jan. 23-26) was a transition between trade winds and stagnant conditions, 190 

involving generally weak, northerly winds. The instruments were moved from KMC to Pahala 191 

near the beginning of period III, so both stagnant and trade wind conditions were accessed at 192 

each sampling site. However, the two sites experience very different degrees of volcanic 193 

influence for a given meteorological condition, due to differences in the positions of the two sites 194 

relative to the vent. During stagnant periods, volcanic emissions affect KMC but not Pahala, 195 

whereas trade winds send the emissions directly towards Pahala, leaving the air at KMC 196 

 
 

Figure 1. Summary of meteorological parameters and plume composition measurements. Top 

panel: wind direction (0/360 refers to wind from due north) and wind speed, measured at 

HVO near the crater, showing five distinct meteorological conditions during sampling (I and 

IV: relatively stagnant; II and V: trade winds; III: transitional). Sampling was at KMC (near 

the crater) during periods I and II and at Pahala (31 km to the southwest) during periods III-V. 

Middle panel: SO2 concentrations. Bottom panel: mass concentrations of particulate sulfate 

and ammonium, as measured by the ACSM.  
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essentially free of direct volcanic influence. Thus the periods in which volcanic influence is 197 

expected to be observed are period I (stagnant air, sampling at KMC) and period V (trade winds, 198 

sampling at Pahala), and to a lesser extent period III (weak northerly winds, sampling at Pahala). 199 

Measured SO2 and sulfate levels (bottom two panels) are indeed highest during these periods, 200 

indicating that this simple description of the meteorology provides insight into the fate and 201 

transport of the volcanic plume. 202 

 203 

SO2, sulfate, and sulfur partitioning.  Measured SO2 levels (Fig. 1, middle panel) varied over an 204 

extremely wide range, from below 1 ppb (for times with no volcanic influence, periods II and 205 

IV) to over 3 ppm (stagnant conditions at KMC). Exceedingly high levels (>1 ppm) are also 206 

measured during times of trade wind influence in Pahala. Such high concentrations more than 30 207 

km downwind of the source indicate the sustained intensity of the volcanic plume even after 208 

substantial advection. These high SO2 levels are not unusual for Pahala, since trade wind 209 

conditions persist throughout the year, especially in non-winter months (see Figure S3). 210 

Particulate sulfate levels (Fig. 1, bottom panel) were also high (up to ~100 μg/m
3
) during 211 

periods of volcanic influence. Ammonium levels were generally measureable but small (usually 212 

<1 μg/m
3
), indicating relatively little neutralization of the sulfate aerosol. The role of 213 

neutralization and aerosol acidity will be discussed below. Other particulate species measured by 214 

the ACSM (not shown) were minor; the one exception is organic aerosol, which occasionally 215 

spiked at KMC due to local wood burning emissions, but this had no apparent influence on 216 

sulfate measurements. Measured chloride levels were negligible, consistent with recent work 217 

finding low Cl emissions from Kīlauea relative to other volcanoes.
24

 218 
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While SO2 and sulfate tend to co-vary (i.e., both are high during periods of volcanic 219 

influence), the overall correlation between the two species is relatively poor (R
2
=0.37; see Figure 220 

S4), indicating large variability in the extent of sulfur fractionation over the course of the study. 221 

Figure 2 shows how the partitioning of sulfur between the two species varied over the course of 222 

the study. Partitioning is expressed in terms of the fraction fS of total sulfur in the form of 223 

particulate sulfate, given by fS=[SO4
2-

]/([SO4
2-

]+[SO2]), with all concentrations in molar units.
33

 224 

This calculation assumes that all sulfate is measured by the ACSM; if some fraction is not (e.g., 225 

some of the sulfate is present in particles outside the ACSM’s size window), then the derived fS 226 

value will be somewhat of an underestimate. For periods in which volcanic influence was 227 

minimal (II and IV), partitioning is likely controlled by non-volcanogenic sources of sulfur, and 228 

is subject to considerable uncertainty, given the low concentrations of both species. The volcano-229 

influenced periods (I, III, V) exhibit substantial variability in sulfur partitioning. While 230 

differences in relative deposition rates may contribute to this variability, the main source is likely 231 

differences in photochemical age, the extent of oxidative processing between emission and 232 

measurement. Under low-wind conditions, the SO2 emissions can accumulate and over time 233 

convert to sulfate, leading to the large values of fS in periods I and III. By contrast, under trade 234 

wind conditions (period V), the volcanic plume intercepted at Pahala was no more than a few 235 

hours old, with little time for SO2-to-sulfate conversion, leading to much lower values of fS. The 236 

relatively high value of fS on Jan. 31 may have resulted from the onset of the trade winds, 237 

leading to advection of relatively aged emissions from the crater to Pahala.  238 

 239 
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240 
SO2 oxidation kinetics. Period V (trade wind conditions, sampling at Pahala) is characterized by 241 

a clear diurnal cycle in sulfur partitioning, with fS lowest at night and highest in the afternoon. 242 

Dry deposition might lead to changes in fS, due to differences in deposition rates of SO2 and 243 

sulfate.
34

 However such differences are highly unlikely to exhibit the observed diurnal profile in 244 

fS, which changes by up to a factor of 8 over the course of the day. Instead, this time-of-day 245 

dependence strongly suggests that the SO2-to-sulfate conversion is driven by photochemical 246 

oxidation. Such oxidation is likely due to reaction with short-lived oxidants. Oxidation catalyzed 247 

by transition metal ions
35

 is unlikely to be important, given that oxidation is primarily observed 248 

during the daytime only. Similarly, oxidation by aqueous O3 is expected to be negligible, due to 249 

 
 
Figure 2. Measured sulfur partitioning (fS) over the course of the study. Points are colored 

by SO2 concentration. For times influenced by volcanic emissions, it is highest when the 

winds are lowest (periods I and III). During trade wind conditions, there is a clear diurnal 

pattern in fS downwind of the crater (period V). 
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the high acidity of the particles. Oxidation by Criegee intermediates
36

 is also unlikely given the 250 

presumably low concentrations of VOCs in the plume. Thus the dominant oxidants are likely to 251 

be photolytically-generated species, such as gas-phase OH or aqueous H2O2.  252 

The evolving sulfur partitioning for a single day (Feb. 3) is shown in greater detail in 253 

Figure 3, along with that day’s solar elevation angle (SEA). Before sunrise, both SO2 and sulfate 254 

are at their highest levels of the day (likely due in part to the shallow boundary layer), but the 255 

sulfate fraction is at a minimum. At sunrise, the sulfate fraction starts increasing, reaching a peak 256 

of several percent in the afternoon before falling back to almost the previous night’s value. This 257 

time dependence is similar during other days in period V, though with lower peak values of fS 258 

(Fig. 2). 259 

 
 
Figure 3. Evolving sulfur partitioning (fS) at Pahala on Feb. 3, 2013 (a day characterized by 

trade winds). The diurnal profile in fS (thick trace) indicates sunlight-initiated SO2 oxidation to 

sulfate. Partitioning lags behind solar elevation angle (a metric of irradiation, shown in yellow), 

due to the transport time from the source to the sampling site. The dashed line denotes calculated 

fS from a simple kinetic model matched to the observations; this enables estimates of the 

primary sulfate fraction (0.005), age of the plume (~5 hours), and instantaneous SO2 oxidation 

rate (2.4x10
6
 s

-1
 at solar noon). 
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Figure 3 shows a considerable lag between solar irradiation (which peaks at solar noon, 260 

12:35pm) and the peak in measured fractional sulfur conversion (which peaks at ~3:00pm); 261 

elevated sulfate fractions are observed well after sunset. This time lag arises at least in part from 262 

the time elapsed between emission and sampling, since the conversion of SO2 to sulfate is 263 

governed by exposure to oxidants, which varies dramatically over the course of the day.  264 

In order to better quantify this oxidation process, a simple kinetic model was constructed 265 

to relate transit time, SO2 oxidation rate, and fractional sulfur conversion. First, some fraction of 266 

the sulfur is assumed to be primary (directly emitted from the volcano). This fraction, taken from 267 

the zero-offset in Fig. 3, is ~0.005, consistent with previous measurements of primary sulfate 268 

emissions (on the order of 0.1-1% of total sulfur
3,20,37,38

); however errors in the present value 269 

may arise from the size cutoff of the ACSM, and/or the potential contribution of secondary 270 

production of sulfate via nighttime oxidation of SO2. Oxidation (the increase in fS) is then 271 

simulated by assuming that the instantaneous oxidation rate is proportional to the ozone 272 

photolysis rate constant J(O
1
D) (i.e., that oxidation is driven by OH, or another oxidant with a 273 

similar diurnal profile). The time-of-day dependence of J(O
1
D) is estimated from SEA using the 274 

parameterization used in the Master Chemical Mechanism;
39

 cloud cover was minimal on this 275 

day. Since oxidation occurs continually over the time between emission and sampling, the model 276 

integrates J(O
1
D) over some fixed transit time; this time is determined by adjusting it to match 277 

the peak in fS. We note that if the observed time lag derives not only from the transport time but 278 

also from oxidant levels peaking later in the day (which would require the oxidants to be 279 

substantially longer-lived than OH), the transport time estimated using this approach would 280 

represent an upper limit. Finally, the instantaneous (time-dependent) SO2 oxidation rate (s
-1

) is 281 

determined from this transit time, by adjusting the proportionality constant that relates J(O
1
D) to 282 
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oxidation rate until the integrated amount of oxidation matches the observed fS values (height of 283 

the paraboloid in Fig. 3). Dry deposition is not explicitly included in the model; it is a highly 284 

uncertain process which, as discussed above, might affect fS but likely not with the diurnal 285 

dependence observed. 286 

Model results are shown as the dashed line in Fig. 3; with the exception of the slightly 287 

narrower peak in simulated fS (discussed below), the model reproduces the time-dependent fS 288 

measurements well.  Interestingly, the peak in the observed sulfate fraction can be reproduced 289 

only by assuming a five-hour transit time, substantially longer than what would be expected 290 

based on wind speed and distance alone (~1.5 hours). As noted above, this inferred transit time 291 

may be somewhat of an overestimate if sulfate formation is driven by long-lived oxidants that 292 

peak late in the day. Nonetheless this result suggests that the plume was not transported directly 293 

to Pahala but rather was influenced by local topographic and meteorological factors, a conclusion 294 

that is strongly supported by measured differences in local winds at the crater and Pahala (Fig. 295 

S2). During these trade wind days (period V, 1/31/13-2/7/13), winds at the crater were mostly 296 

from the north-northeast, with an average speed of 6.8 m/s, whereas at Pahala the winds were 297 

predominantly from the east/southeast (in the morning) or northwest (in the afternoon and night), 298 

with an average speed of only 2.0 m/s.  Thus, even on trade wind days the volcanic plume did 299 

not take a direct path from the crater to Pahala, but rather reached Pahala via upslope/downslope 300 

flow. This longer transit distance and slower wind speed implies a substantially longer transit 301 

time than would be expected based on the simple (and commonly-used) calculation based on 302 

wind speed and distance, in agreement with our observations. Fig. S2 also indicates that the 303 

transit time likely varies over the course of the day; this may explain why our simple model does 304 
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not fully capture the observed time-dependence of the oxidation (somewhat underestimating the 305 

width of the paraboloid in Fig 3).  306 

The model also provides an estimate of the time-dependent SO2 oxidation rate. The 307 

maximum (noontime) oxidation rate is 2.4x10
-6

 s
-1

, and the 24-hour average oxidation rate is 308 

5.3x10
-7

 s
-1

, yielding an SO2 lifetime vs. oxidation under these conditions of ~22 days. To our 309 

knowledge this represents the first diurnally-resolved measurement of the instantaneous SO2 310 

oxidation rate within a volcanic plume. Assuming the oxidation is by gas-phase OH (and using 311 

kOH+SO2=8.9x10
-13

 cm
3
 molec

-1
 s

-1
)
 40

, these observed rates correspond to an equivalent peak 312 

[OH] of 2.7x10
6
 molec cm

-3
, and an equivalent diurnally-averaged [OH] of 5.9x10

5
 molec cm

-3
. 313 

Such concentrations are lower than typical ambient values of [OH] for the tropics,
41

 suggesting 314 

suppression of OH within the plume, presumably due to the very high SO2 concentrations. 315 

The measured rate of SO2 oxidation (5.3x10
-7

 s
-1

) is on the low end of previous estimates 316 

of SO2 loss rates within tropospheric volcanic plumes, which range from 2x10
-7

 s
-1

 to ~10
-4 

317 

s
-1

.
8,18,20,25,28,33,42-48

 (Some near-field measurements
49

 found even faster rates of loss (>10
-3

 s
-1

), 318 

though those measurements may have been biased high due to variations in emissions.
18

) In fact, 319 

on subsequent trade wind days (Feb. 4-6) the estimated oxidation rate is lower still (by a factor of 320 

2-3), making our measurements of SO2 oxidation rate among the lowest ever reported. Focusing 321 

on Kīlauea only, two previous studies (one ground-based
45

 and one satellite-based
8
) of SO2 from 322 

Kīlauea found the conversion time to be 5.8x10
-6

–1.2x10
-5

 s
-1

 and 3.2x10
-5

 s
-1

, respectively, both 323 

significantly faster than the rate determined here. Even if the transit time is shorter than the 324 

inferred value of five hours, and instead is closer to the lower-limit value of 1.5 hours (which, as 325 

discussed above, is likely an underestimate), the inferred oxidation rates would increase by only 326 

a factor of 3.3, and thus are still lower than most previous measurements. 327 
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Part of the reason for the differences between determined rates may be methodological. 328 

In the present study, both SO2 and sulfate are measured directly, and primary sulfate is explicitly 329 

accounted for; in studies in which sulfate is not directly measured but rather inferred, calculated 330 

rates can be influenced (mostly overestimated) by losses of SO2 via non-oxidative processes 331 

(dilution, deposition), the presence of non-sulfate components of aerosol (e.g., water, ash, 332 

ammonium), and the importance of primary volcanic sulfate. In addition, since the present 333 

approach is based on fractional sulfur conversion, it does not assume that SO2 emissions are 334 

fixed, as assumption that can also complicate determinations of conversion rates.
18

 Most 335 

importantly, the use of solar irradiation for determining the age of the sampled emissions is a 336 

unique feature of the present analysis. Most previous studies instead estimate age from average 337 

wind speed and distance; in areas with complex terrain and local meteorology, such as that of the 338 

present study, this approach can underestimate plume age, which would also lead to an 339 

overestimate in oxidation rate. 340 

Despite the above considerations, the differences in inferred reactivities in the present 341 

study and in previous work may reflect real differences in plume composition and ambient 342 

oxidative conditions, leading to substantial variability in SO2 oxidation rate. Our measurements 343 

were made in the wintertime, which (even in the tropics) is characterized by lower 344 

photochemical activity than in summer months;
41

 the previous measurements of SO2 oxidation 345 

within the Kīlauea plume were made in August
45

 and March-November,
8
 which may help 346 

explain the higher rates inferred in those studies. In addition, the plumes sampled in the present 347 

work were very well-defined, with sustained high SO2 concentrations that would drive down 348 

oxidant levels. By contrast, less-concentrated plumes may be significantly more photochemically 349 
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active, leading to SO2 oxidation rates that would be substantially higher than the ones determined 350 

here.  351 

   For the earlier, non-trade-wind periods, the above approach for estimating plume age and 352 

SO2 oxidation rate cannot be applied, due to the lack of rapid, stable transport of emissions from 353 

the vent to the sampling site. The air sampled was therefore made up of emissions that span a 354 

wide range of atmospheric ages; such a system is not easily analyzed using simple kinetics, 355 

especially given the lack of measurements that could help constrain the time of emission. 356 

Instead, we use [SO2] as a qualitative metric for the average plume age, since it provides 357 

information about the amount of dispersion that has taken place since emission (assuming 358 

emissions remain roughly constant).  359 

Shown in Figure 4 are plots of fS vs. [SO2] for times of major volcanic influence (periods 360 

I and V). Only data with [SO2]≥10 ppb are shown, in order to avoid errors associated with 361 

background concentrations and instrument zeroes. The coloring within the different panels is 362 

related to particle acidity, described below. The sulfur in fresh volcanic emissions is highly 363 

concentrated and present mostly in the form of [SO2]. The average value of fS for these fresh 364 

emissions (lower right corner of Fig. 4), which corresponds to the fraction of sulfur emitted as 365 

primary volcanic sulfate, is ~0.008. This is slightly higher than the value inferred downwind 366 

(Fig. 3), though again this may be an underestimate given the size cutoff of the ACSM. 367 

Dispersion of the emissions (dilution) leads to leftward movement in Fig. 4, since SO2 and 368 

sulfate are affected essentially equally. (Some changes to fS may occur in the most dilute cases, 369 

due to the entrainment of background air.) Oxidation leads to an increase in fS, for upward (and 370 

slightly leftward) movement. A third process, deposition, also involves movement towards lower 371 

[SO2] and slightly higher fS, due to differences in SO2 and sulfate deposition velocities. 
34

 372 
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The extent of sulfate conversion is generally much greater at KMC than at Pahala. This 373 

indicates substantially more SO2 oxidation under stagnant conditions, due to differences in 374 

plume age and/or oxidation rate. The Pahala plume was intercepted only ~5 hours after 375 

emissions, whereas the emissions sampled at KMC could have been up to several days old, since 376 

the stagnation event had begun a week earlier (on Jan. 12). However, age of the emissions cannot 377 

fully explain the differences in fS in the two cases, since SO2 reactivity also appears to vary.  378 

Even assuming an average age of 3 days (which is likely an upper limit), the fS value of 0.3 379 

would correspond to an average SO2 oxidation rate of 1.4x10
-6

 s
-1

, which is more than twice as 380 

fast as the rate on Feb. 3. Differences in oxidation rate in the two cases are even more 381 

pronounced if it is assumed that measured emissions are younger than this, and/or when these 382 

inferred rates are compared against those from the other trade wind days (Feb. 4-6). This 383 

increased SO2 reactivity at KMC suggests the presence of higher oxidant levels (in either the gas 384 

or droplet phase) in this stagnant case. 385 

 

 
 

Figure 4. Changes to volcanic emissions due to dilution, deposition, oxidation, and neutralization. 

Measurements from periods I (KMC, stagnant) and V (Pahala, trade winds) are shown, plotted as 

fS (sulfur partitioning) vs. [SO2] (a rough measure of plume dispersion since emission). Movement 

in this space corresponds to different processes affecting sulfate levels (dilution, deposition, and 

oxidation), as shown by the arrows in panel a. Marker color denotes degree of neutralization, with 

yellow denoting the most acidic particles, using three different acidity metrics. Panel a: 

ammonium/sulfate ratio. Panel b: aerosol pH. Panel c: strong acidity. 
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 386 

Particle acidity and neutralization. The sulfur-partitioning data in Fig. 4 are colored according to 387 

particle acidity, with the color scale in each panel corresponding to a different acidity metric. 388 

Figure 4a shows the ammonium-to-sulfate ([NH4
+
]/[SO4

2-
]) ratio, as measured by the ACSM. 389 

Only ratios for which the absolute uncertainty is below 0.5 are shown; uncertainties were 390 

calculated from the scatter in the measurement of each aerosol component (1: 0.09 μg/m
3
 for 391 

[NH4
+
] and 0.08 μg/m

3
 for [SO4

2-
], based on clean-air measurements). The aerosol is only 392 

slightly neutralized by ammonia, with ratios mostly ranging from 0 (pure sulfuric acid) to 1 393 

(ammonium bisulfate). While aerosol mass spectrometry (AMS) measurements have previously 394 

found sulfate particles of volcanic origin to be acidic, 
29-31

 to our knowledge these measurements 395 

constitute the first AMS measurement of pure sulfuric acid particles in the ambient atmosphere. 396 

Levels of neutralization of the sulfate at Pahala are higher than at KMC, presumably due to 397 

terrestrial ammonia emissions encountered by the plume as it travels downwind over land, which 398 

includes agricultural areas. This is consistent with previous studies that also found increased 399 

ammonium levels in particles downwind of volcanic emissions.
19,20

 400 

Data in Fig. 4b are colored by aerosol pH (a measure of acidity within the particles), 401 

calculated using the Extended Aerosol Inorganics Model (E-AIM, Model II: 402 

http://www.aim.env.uea.ac.uk/aim/aim.ph)
50

, and assuming the only counterions are H
+
 or NH4

+
. 403 

Inputs to the model are sulfate, ammonium, ambient relative humidity, and ambient temperature, 404 

and pH is determined from the calculated activity coefficients and concentrations of [H
+
]. As in 405 

Fig. 4a, only the pH values for data whose [NH4
+
]/[SO4

2-
] ratios can be determined to within 0.5 406 

are shown. The particles are highly acidic, ranging in pH from -0.8 (the equivalent of 6M H2SO4) 407 

to 3.0. At such high acidity, the pH values actually do not correlate strongly with [NH4
+
]/[SO4

2-
], 408 
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since this ratio does not vary over a wide range. Instead pH is mostly a function of ambient RH, 409 

with drier conditions (such as those encountered at Pahala) leading to less water uptake by the 410 

sulfate, and thus higher H
+
 activities within the particles. 411 

Finally, the points in Fig. 4c are colored by strong acidity (a measure of acidity per 412 

volume of air), determined from 2[SO4
2-

]–[NH4
+
]. Unlike the other two metrics of acidity 413 

([NH4
+
]/[SO4

2-
] and pH), strong acidity can be precisely determined even when [NH4

+
] and 414 

[SO4
2
] are low, so values for all measurements are shown. Given the low level of neutralization 415 

of the particles, strong acidity depends largely on absolute sulfate levels, and so is poorly 416 

correlated with particle pH (which depends mostly on RH); thus acidity normalized to the 417 

volume of air and acidity normalized to the volume of the particles are largely independent 418 

quantities in this case. Sulfate levels are highest during the stagnant days at KMC, leading to 419 

extremely high strong acidity values, of hundreds of nmol/m
3
 when sampling aged emissions, 420 

and up to 2200 nmol/m
3
 when sampling fresh emissions. These values are far higher than those 421 

typically measured in ambient air, even under polluted urban conditions (where typical values 422 

are in the range of 50-200 nmol/m
3
).

51,52
  423 

 424 

Implications and future work. In general, measuring the chemistry and effects of individual 425 

emissions sources can be challenging, due to complex and variable meteorology, uncertain 426 

chemical reactions, and interferences from other sources (background levels) of pollutants. 427 

However the Kīlauea plume is in many ways an ideal system for measuring evolving plume 428 

chemistry: the prevailing meteorology is simple (enabling estimates of plume age), the key 429 

chemical transformations are relatively well-understood, and the point source is very intense and 430 

emits into clean air. These conditions, when coupled with highly time-resolved measurements of 431 
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particle mass and chemical composition (as well as concentrations of the gas-phase precursor), 432 

allow for the detailed characterization of the factors controlling the formation and evolution of 433 

secondary particulate matter. 434 

 The real-time measurements made in this study show that the volcanic plume is highly 435 

variable and dynamic, and depends not only on emission rate and meteorology, but also on other 436 

factors that can vary strongly with location, time of day, and time of year. These include the 437 

daytime oxidant production (controlling SO2 oxidation rate), as well as local emissions and 438 

relative humidity (controlling particle acidity). The effects of volcanic emissions on human and 439 

ecological health may thus also exhibit dependences on these factors; this is an important area of 440 

future research. Also important is the extension of these measurements to a wider range of 441 

locations and plume ages. In particular, time-resolved composition measurements at locations 442 

still further downwind will provide information on the role of plume chemistry over longer 443 

timescales, as well as on the exposure to downwind communities to various components of the 444 

volcanic plume. 445 
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