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Abstract

We present an analysis of SO, column densities derived from GOME-2 satellite
measurements for the Kilauea volcano (Hawai’i) for 2007—2012. During a period of
enhanced degassing activity in March—November 2008, monthly mean SO, emis-
sion rates and effective SO, lifetimes are determined simultaneously from the ob-
served downwind plume evolution and ECMWF wind fields, without further model in-
put. Kilauea is particularly suited for quantitative investigations from satellite obser-
vations owing to the absence of interfering sources, the clearly defined downwind
plumes caused by steady trade winds, and generally low cloud fractions. For March—
November 2008, the effective SO, lifetime is 1-2 days, and Kilauea SO, emission rates
are 9-21 ktday‘1, which is about 3 times higher than initially reported from ground-
based monitoring systems.

1 Introduction

Sulphur dioxide (SO,) plays an important role in atmospheric chemistry. It directly af-
fects air quality as it is a respiratory irritant, and it is one of the main causes of acid
rain. Beyond this, atmospheric SO, is also highly relevant for the Earth’s climate, as it
is an important precursor of aerosols, which affect the planet’s radiative budget both
directly and indirectly (e.g. by influencing the number and size of cloud droplets).

SO, is removed from the atmosphere by dry and wet deposition (in the boundary
layer), or by chemical conversion to sulphuric acid (H,SO,). In the gas phase, this
conversion is initiated by the OH radical. The respective SO, lifetime in the troposphere
is about two weeks (von Glasow et al., 2009). However, heterogeneous reactions on
cloud droplets convert SO, into H,SO, on much shorter time-scales of days or even
hours (von Glasow et al., 2009).

Volcanoes are a large natural source of SO, with high temporal and spatial fluc-
tuations, and total emissions are still highly uncertain. Kilauea volcano, located on
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Hawai’i Island, has shown persistent effusive SO, degassing for over more than 3
decades. A period of particularly high gas emissions began in early 2008 with the
lead up and opening of a new vent within the Halema’'uma’u summit crater. A detailed
overview about the dates, locations, specification of volcanic activity, and ground-based
SO, emission rate estimates is provided by Elias and Sutton (2012).

Its location in the remote Pacific, far from other SO, sources, along with relatively
steady northeasterly trade winds make Kilauea a “natural laboratory” (Yuan et al.,
2011), well suited e.qg. for the investigation of aerosol indirect effects from satellite ob-
servations (Yuan et al., 2011; Eguchi et al., 2011).

During recent decades, methods for the quantification of volcanic SO, emissions
from spectroscopic measurements have been developed and refined (e.g., Moffat and
Millan, 1971; Galle et al., 2002; Mori and Burton, 2006). In addition to such ground-
based measurements, satellite measurements of atmospheric trace gases (Burrows
et al., 1999) have revolutionized our knowledge of abundance, sources and transport of
various pollutants over the last decades (e.g., Monks and Beirle, 2011, and references
therein). They provide new potential for monitoring volcanic activity, and have been
applied to estimate burdens and fluxes of SO, (e.g., Khokhar et al., 2005; Carn et al.,
2005, 2008; Krotkov et al., 2010).

Recently, it has been demonstrated that lifetimes of trace gases can also be quan-
tified by analysing the downwind decay of point source emissions as observed from
satellites, see e.g. Leue et al. (2001) and Beirle et al. (2004, 2011) for Nitrogen oxides
or Krotkov et al. (2010) for SO,.

In this study we present an analysis of the downwind evolution of the SO, plume
from Kilauea, as derived from GOME-2. By combining the satellite measurements with
ECMWF wind fields, we demonstrate that an effective SO, lifetime can be determined
from a relatively simple and robust mathematical analysis. In addition, the SO, emis-
sion rate from Kilauea is quantified and compared to ground-based estimates.
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2 Method
2.1 SO, from GOME-2

GOME-2, the second Global Ozone Monitoring Experiment (Callies et al., 2000) was
launched in October 2006 on board the MetOp-A satellite. It is operated in a sun-
synchronous orbit, crossing the equator at about 9:30 LT. Nominal ground pixel size is
80km x 40km, and global coverage is attained every 1.5 days.

SO, Slant Column Densities (SCDs), i.e. concentrations integrated along the mean
light path, are derived from spectral GOME-2 measurements in the UV by Differential
Optical Absorption Spectroscopy (DOAS) (Platt and Stutz, 2008), as described in Hor-
mann et al. (2013). SCDs are converted into Vertical Column Densities (VCDs), i.e. ver-
tically integrated concentrations, via the so-called air mass factor (AMF). AMFs are cal-
culated using the Monte-Carlo radiative transfer model (RTM) McArtim (Deutschmann
et al.,, 2011) for cloud free conditions and different a priori aerosol scenarios (see
Sect. 2.2). The plume altitude for both SO, and aerosols was set to 1.5-2.5km (see
Sect. 2.3).

The SO, detection limit for the SCDs of individual ground pixels has increased from
about 1 x 10'® moleccm™ in 2007 to about 2 x 10'® molecem™2 in 2011 due to instru-
ment degradation (H6rmann et al., 2013). For the given AMFs, this corresponds to
a VCD detection limit of 1.3-2.7 x10'® moleccm™, or 0.5 to 1 Dobson Units (DU).

The individual satellite observations are gridded on a regular lat/lon grid with 0.1°
resolution. Only ground pixels with an effective cloud fraction below 20 % are con-
sidered, using the GOME-2 cloud product based on the FRESCO algorithm (Wang
et al., 2008). Figure 1 shows the gridded monthly mean SO, VCDs for 2007-2012.
Enhanced SO, column densities can be observed southwest of Hawai'i Island during
several months, especially in 2008. For August 2008, a zoomed map is shown in Fig. 2,
providing additional information on the location of Kilauea on Hawai’i, elevation contour
lines, and mean wind directions for different altitude levels.
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2.2 Aerosol and cloud effects

Satellite measurements are affected by aerosols and clouds due to their influence on
radiative transfer. Aerosols and clouds generally shield the troposphere below, but in-
crease the satellite’s sensitivity for trace gases within or above the aerosol/cloud layer
due to multiple scattering and the increased albedo. Here we describe the detailed
treatment of aerosols and clouds specified for the conditions at Kilauea.

Aerosols are formed within the volcanic plume by conversion of SO, in H,SO, and
subsequent formation of, or uptake in, aqueous droplets. Thus, we assume the same
vertical profile for SO, and aerosols. During the volcano’s active phase in 2008, the
aerosol optical depth (AOD) was significantly enhanced above background in the plume
region over ocean, reaching monthly mean values of 0.35 (compare Beirle et al., 2012)
as measured by MODIS TERRA (at 550 nm).

In order to correct for the influence of plume aerosols on radiative transfer, three
sets of VCDs are calculated for a priori AOD of 0, 0.4, and 1 (at 315 nm), respectively.
The AMFs increase linearly by about 20 % for an increase of AOD from 0 to 1. For
the calculation of the actual monthly mean SO, VCD, these a priori VCDs are interpo-
lated according to the “real” AOD. The latter is taken from the monthly mean MODIS
TERRA AOD (with a local overpass time similar to that of GOME-2), multiplied by 2
(corresponding to an Angstrom coefficient of 1.24) to account for the AOD wavelength
dependency. We estimate the remaining uncertainty due to aerosol effects to be negli-
gible (< 10 %).

To minimize cloud effects, only observations with cloud fractions below 20 % are con-
sidered. The remaining cloud effects could in principle be corrected by radiative trans-
fer calculations, as long as the vertical profiles of both SO, and clouds are accurately
known. However, this is not the case: the SO, plume altitude has some uncertainty
(see Sect. 2.3), and the cloud altitudes derived from satellite observations have high
uncertainties for low cloud fractions. Thus, we decided to consider the observations
with cloud fractions below 20 % as “cloud free”, without further corrections. We justify
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this by performing our analysis for different a priori thresholds for the effective cloud
fraction. The dependency of the resulting VCDs on the cloud fraction threshold turned
out to be negligibly small (see Sect. 4). This indicates that the remaining cloud effects
(shielding vs. multiple scattering/albedo increase) at least partly cancel out.

2.3 Plume altitude

The SO, plume altitude has a large impact on our analysis via two different effects.
First, the sensitivity of the satellite measurements depends on the trace gas vertical
profile. The sensitivity generally decreases towards the ground for low albedo such as
over ocean. Second, the horizontal wind speed, needed for the lifetime estimate as
explained below, depends on altitude as well. Thus, for the emission rate estimate, an
accurate a priori plume altitude is needed.

Here we define upper and lower thresholds for the SO, plume altitude by the follow-
ing considerations:

— The monthly mean maps for March—November 2008 reveal a clear SO, outflow
with a well-defined direction. We determine the mean plume direction as the slope
of a weighted linear fit applied to the lat/lon coordinates of all grid pixels with
a VCD above 3 x 10'® moleccm™. For August, the resulting plume direction is
displayed as grey arrow in Fig. 2. By comparison to ECMWF wind vectors at dif-
ferent altitudes, shown in shades of green, an upper bound of the SO, plume alti-
tude can be derived. In particular, the August plume is clearly below 3 km, as the
plume direction reveals a small southward component (consistent with ECMWF
winds below 2.5 km), while ECMWF wind fields above 2.5 km show a northward
component instead. For May—November 2008, ECMWF winds at 1.5-2.5km re-
veal the best agreement to the observed plume direction (Fig. 3).

— Kilauea’s summit vent is located at about 1.1 km a.s.I. Although this altitude is gen-
erally within the maritime boundary layer (MBL) around Hawai’i of approximately
2km (Cao et al., 2007), the plume from the summit is generally buoyant enough
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to stay at the upper edge of the MBL or even break through the inversion at times
(Elias and Sutton, 2012). Emissions from the East Rift, on the other hand, are
emitted at only 0.7 km altitude and tend to be less buoyant, thus typically stay-
ing in the mid MBL (A. J. Sutton, personal communication, 2013). Therefore, the
satellite will be less sensitive to these emissions than those originating from the
summit vent.

After taking the above considerations into account, we estimate that an effective
plume altitude of between 1.5 and 2.5 km most accurately describes the plume’s lo-
cation in 2008. This altitude range yields the best agreement between ECMWF wind
direction and plume direction for March—November (see Fig. 3), is in good agreement
with the altitude range given by Elias and Sutton (2012), and is consistent with the
altitude of the aerosol plume derived by Eguchi et al. (2011) based on CALIOP mea-
surements.

For the conversion of SCDs into VCDs, we thus calculate AMFs for a priori box
profiles from 1.5 and 2.5 km altitude for both SO, and aerosols.

2.4 Downwind plume evolution

We investigate the downwind evolution of SO, from Kilauea based on monthly mean
VCD maps. Due to the stable meteorological conditions, i.e. steady trade winds, the
outflow is headed westwards. Therefore, we estimate the background SO, VCD from
upwind measurements east of Hawai'i (at 150-153° W). The background-corrected
monthly mean SO, VCDs are then integrated in latitudinal direction (10-25° N), result-
ing in “line densities” (LD) as a function of longitude (the small southward component
is eliminated by the latitudinal integration). By finally multiplying the LDs with the lon-
gitudinal wind speed u from ECMWF averaged over 1.5-2.5 km altitude, a longitudinal
SO, flux is derived as a function of time t since emission from the volcano. Figure 4
displays the observed SO, flux for March—November 2008 in red.
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2.5 Lifetime and emission fit procedure

SO, lifetime and emission rates are derived simultaneously by fitting the model function
F(t) to the observed SO, flux with a non-linear least squares algorithm:

F(t)= E x e /7, (1)

with the emission rate E and the lifetime 7 as fit parameters. In addition, F(?) is
smoothed by a Gaussian with a standard deviation of o; = 0, /u, where u is the monthly
mean wind speed in the plume, and o, is 80 km in order to account for the GOME-2
across-track ground pixel size.

A very similar approach was used by Beirle et al. (2011) to estimate NO, lifetimes
and emissions from megacities. In the case of SO, from Kilauea, however, some sim-
plifications/modifications were possible/necessary:

— As the lifetime of SO, is considerably longer than that of NO,, the considered
spatial/temporal scales are much larger (~ thousand km/hundred h).

— Due to the steady trade winds, at least during summer, a sorting of the observa-
tions by wind direction is not necessary here.

— As wind direction is stable and there are no interfering sources of SO,, the back-
ground VCD can directly be estimated from upwind measurements, while it had
to be included as free fit parameter in Beirle et al. (2011).

— In Beirle et al. (2011), an e-folding distance X, is fitted to the line densities as
function of x, and the lifetime is then derived from X, by division by the mean
wind speed. In the current study, the wind speed can change significantly with
distance from the volcano (as larger distances have to be considered). Thus, the
downwind flux is first transferred into a function of time by variable transformation
via the local wind speeds (t = x/u). The subsequent fit directly yields the effective
lifetime 7.
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Note that the downwind reduction of the SO, flux with time shown in Fig. 4 in fact
reflects the chemical conversion or depletion of SO,, and is not caused by dilution of
the plume, as the concentrations are integrated vertically (by the column measurement)
and latitudinally (10—25° N). The outflow out of this area can be neglected, as can easily
be checked by extending the latitude range over which integration occurs. This had only
a small impact on the results (see Sect. 4.1 and Table 1).

The simultaneous fit of SO, lifetime and emission rate as described above requires
a well defined SO, plume and steady easterly winds. Thus, we apply it for the months
March—November 2008 with the highest observed SO, VCDs far above the detection
limit. During this period, the mean u-component of ECMWF wind is negative (easterly)
for all 6 hourly time-steps, except for April (8 time-steps with westerly wind) and Oc-
tober (1 time-step with westerly wind). Consequently, the background estimated east
from Hawai’i is biased high, resulting in negative VCDs and fluxes for those months
(compare Fig. 4).

In addition to the fitted SO, lifetime and emission rates for this particular period, we
also provide a rough emission rate estimate based on the monthly mean VCDs for the
complete time series 2007-2012 (see Sect. 3).

3 Results

Figure 4 displays the observed (red) and fitted (black) downwind evolution of the lon-
gitudinal SO, flux. Despite the fact that the processes responsible for SO, removal
from the atmosphere, i.e. gas-phase reactions with OH and heterogeneous reactions
on cloud droplets, have significantly different time constants, the observed downwind
loss of SO, can be described by a single first-order time constant. Figure 5 shows the
resulting monthly mean SO, lifetimes and emission rates.

The derived SO, lifetimes range from 16-57 h. They show a seasonal cycle and
are anti-correlated to the monthly mean cloud fraction: lifetimes are highest in sum-
mer when cloud cover is smallest, and shorter for higher cloud fractions in spring and
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autumn. This anti-correlation is in accordance to the impact of heterogeneous reac-
tions on cloud droplets. On average, we find a mean SO, lifetime of 1.56 days, which
is consistent with previous studies. For instance, Lelieveld et al. (1997) give an aver-
age SO, lifetime of 2 days, based on the general circulation model ECHAM. Lee et al.
(2011) derived mean lifetimes of 19 £ 7 h from in-situ measurements over the Eastern
US in summer.

Our derived SO, lifetimes are significantly longer than the 6 h (half-life) estimated
by Porter et al. (2002) for the East Rift plume for one day of measurements. However,
our values are arguably more robust because SO, is measured directly instead of
indirectly deriving an aerosol mass from an AOD, the plume is measured for hundreds
of km after emission into the atmosphere instead of only the first 9 km, and the actual
evolution of SO, column densities is quantified over time as opposed to simply taking
a single snapshot. Nevertheless, it is also possible that heterogeneous reactions on
volcanic aerosols reduce the SO, lifetime for the first few minutes after emission (see
Sect. 4.2).

The fitted monthly mean SO, emission rates range from 9 to 21 ktday_1. Integrated
emissions from March to October 2008 are 3.5 Tg (with an uncertainty of about 50 %,
see Sect. 4), which is higher, but of the same order of magnitude as the estimate of
1.8+ 1.2Tg given by Eguchi et al. (2011), based on a comparison of SCIAMACHY
observations to model simulations.

Figure 6 displays the derived emission rates in comparison to the monthly mean
SO, VCD downwind of the volcano. A clear correlation can be seen (R = 0.92). By
assuming that the fitted linear relation between emission rates and spatio-temporal
mean column densities also holds for other months with lower SO, column densities,
emission rates can be estimated for the complete timeseries 2007-2012 (see Fig. 7,
where emission rates reported by Elias and Sutton (2012) are shown for comparison,
see Sect. 4.3).

Note that this assumption of a linear relation between emission rates and mean
column densities implies that the SO, AMFs and lifetime do not change with time.
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While the fitted slope in Fig. 6 corresponds to an effective SO, lifetime of 2 days, which
is in good agreement with the lifetimes obtained from the plume evolution during the
individual months, the assumption of a constant AMF can only be considered a rough
estimate. In the 2007—2010 time period, the ratio of emission rates from the summit and
from Pu’u ’0’0 varied with the opening of the summit Overlook Vent and episodic unrest
related to the ongoing East Rift eruption (Elias and Sutton, 2012). Due to the different
emission altitudes of these two sources (which cannot be differentiated at the spatial
resolution of the GOME-2 measurements), this variability is expected to influence the
effective plume altitude, thereby modulating the AMF. This effect is particularly apparent
in the data collected prior to the 2008 summit vent opening, as is discussed in Sect. 4.3.

4 Discussion
4.1 Uncertainties

Emission rates and lifetimes of SO, are derived from monthly mean GOME-2 measure-
ments, involving cloud masking, spatial integration, and the fitting of a simple model
function. The fit provides confidence intervals for 7 and E, which are in the range of
15-30 % and 10-20 %, respectively. For April, the fit uncertainty is higher (60 % and
45 %), as the downwind SO, VCD becomes smaller than the upwind values, which
can not be reproduced by the model function F(t), and is caused by some days with
westerly winds, affecting the background value at 150—-153° W.

Additional uncertainties may arise due to the a priori settings. Table 1 lists the base-
line settings made in our analysis, and compares the resulting mean emission rates
and lifetimes for March—November 2008 to the respective results for various alternative
a priori settings.

(a) We calculate monthly mean SO, VCDs for observations with cloud fractions below
20 %. Alternatively, we repeated our analysis for a lower or higher cloud fraction
threshold. This variation of the cloud fraction threshold only has a minor impact on
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(b)

()

(d)

(e)

the estimated lifetime, and hardly any effect on the emission rate. Thus, the actual
choice of the cloud fraction threshold is not critical, and cloud effects on AMFs
are negligible (at least up to a cloud fraction threshold of 30 %). This might be
explained by clouds having a similar altitude as the SO, plume, where effects of
shielding and multiple scattering/albedo increase on AMFs cancel out (compare
Sect. 2.2).

The SO, VCDs are integrated in latitudinal direction from 10-25°N in order to
determine LDs. If a smaller integration interval (15-20° N) is chosen instead, this
interval no longer covers the entire SO, plume, especially for larger distances
from the vent. Consequently, the fitted lifetime is biased low (-17 %), as the lack
of plume coverage in the downwind regions acts as an additional virtual sink.
On the other hand, an increase of the latitude range over which integration takes
place does not significantly change the derived SO, lifetime. Hence, the chosen
range is appropriate, and the fitted lifetime represents chemical loss rather than
dilution effects, as the full plume is covered.

We fit 7 and E over a time interval from —20 to 100 h, i.e. the range shown in Fig. 4.
Variations of the time interval, i.e. choosing a longer or shorter time interval, have
hardly any effect on the mean fit results. We also tested a time interval starting at
20 h, in order to avoid inhomogeneities due to terrain effects (ground albedo, wind
speeds) over Island of Hawai’i. Even though the largest SO, fluxes are skipped
for this fit interval, the fit results hardly changed.

The treatment of the SO, background is also not critical. In the baseline algorithm,
an a priori background correction is applied based on upwind measurements at
150-153°W. If, instead, B is added as a free fitting parameter in Eq. (1), as in
Beirle et al. (2011), both E and 7 change by only 5 %.

The plume altitude has a strong impact on the resulting emission rates and life-
times; a relatively small shift of the a priori plume altitude of £0.5km down or up
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changes the total emissions by ~ £30 %. This is due to the altitude dependency
of both, the instrument’s sensitivity (affecting the VCD and thereby directly the
fitted emission rates), and the horizontal wind speeds (affecting the conversion of
line densities to fluxes, and thereby the fitted lifetime and emission rates). For the
Kilauea case study, both effects have the same sign (lower a priori plume altitude
leads to higher emission rate estimates) and amplify instead of cancel each other.
Note that the strong effect of the a priori plume altitude is also the main reason
for the different results of this study compared to those reported previously at the
ESA ATMOS conference (Beirle et al., 2012), which were based on a mean plume
altitude of 2.5 km.

As argued in Sect. 2.3, we can constrain the mean plume altitude by comparison
of the plume direction with the wind direction at different altitudes. In addition,
CALIOP provides measurements of aerosols in the volcanic plume that are in
good agreement with this altitude range. For individual months the a priori plume
altitude of 1.5-2.5 km might be off (e.g. for March 2008, compare Fig. 3), but due
to the consistency of height information deduced from different and independent
datasets, we conclude that it represents the average plume altitude for the period
of high SO, VCDs in 2008 well, with an uncertainty of about 0.5 km (on average).

Nevertheless, the strong effect of the a priori plume altitude makes it the dominat-
ing source of uncertainty for the derived emission rates.

Overall, we estimate the uncertainty of both fitted emission rates and effective life-
times to be about 50 % for the mean of March—November 2008. For individual months,
uncertainties might be higher, in particular for emission rates.

4.2 Temporal variability and non-linear effects

The fitted model function assumes one value for both E and 7. In reality, however,
emissions as well as instantaneous lifetimes are highly variable:
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— Volcanic emission rates can show high temporal fluctuations. This could lead to
sampling artifacts due to the limited temporal coverage of the satellite observa-
tions. In the monthly mean, however, such effects at least partly cancel out, and
the fitted emission rates actually represent the mean () of the time-dependent
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emission rates E;, as the mean of exponential decays of varying emission rates
equals the exponential decay of the respective mean emission rate E:
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— For variations of the lifetime of SO,, which are intrinsic due to the different removal
processes, the situation is different insofar as 7 in Eq. (1) is an argument of a non-

. . . . t . . Title Page
linear function. Thus, the mean of different functions exp (‘?) can not, in a strict

L
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. . . . ¢ Abstract Introduction
mathematical sense, be transformed into a single function exp (—ﬂ). Neverthe-
el

less, as shown in Fig. 4, the observed downwind plumes are well described by Conelusions
a single, effective time constant.

References

Tables Figures

In order to investigate the effect of temporal variations of E and 7 and the non-
linearity in 7, we calculated synthetic downwind decays F; = E;exp (—Ti) for E; being

Jaded uoissnosiqg

a normally distributed random number with o = E/2, and 7; ; being a random number
uniformly distributed between 1 and 60 h. The additional index j indicates that for each
i, T is assigned a new random number after a time step of length T. We calculated
10000 individual downwind plumes (in a Lagrangian framework), and performed the
fit of E and 7 to the average downwind plume. Figure 8 and Table 2 summarise the
results:

For high values of T (i.e., each decay has only one instantaneous lifetime), the fitted
lifetimes match the mean of a priori lifetimes. However, for this scenario, the simulated
downwind decay does not perfectly match the model function of a single time constant
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as a consequence of the non-linearities discussed above. In addition, if the instanta-
neous rate constants k; = 1/7; are averaged instead of the lifetimes, they deviate from
the mean a priori k by 30 %.

For short values of T, on the other hand, the fit works well; the switch of time con-
stants in the simulation results in a decay pattern which can well be described by
a single time constant. The lifetime returned by the fit is significantly shorter than the
mean of the lifetimes used for the simulations, while the respective average of rate
constants matches the actual mean within 1%. As the fitted emissions are in very
good agreement with the a priori (£4 %), we conclude that the lifetime found by the
fit, though different from the mathematical mean, is the appropriate quantity to link the
mean SO, VCDs to the respective emission rates by mass balance (E = [(VCD)/7),
and, in this sense, represents the effective lifetime.

The situation may be different if variations of instantaneous lifetimes are not purely
random, but systematic. For instance, if instantaneous lifetimes were always short close
to the vent, e.g. due to heterogeneous reactions within the plume, a considerable frac-
tion of SO, might be lost before it could be detected from space. For such a scenario,
the initial emission rates might be considerably higher than those deduced from space.

4.3 Comparison to results from ground-based monitoring

The US Geological Survey (USGS) has been monitoring SO, emission rates from
Kilauea for several decades. Elias and Sutton (2012) report emission rates for 2007—
2010 derived from stationary as well as vehicle-based spectroscopic measurements
with the FLYSPEC system (Horton et al., 2006) downwind of the Kilauea summit and
East Rift (about 2-4 measurements per week). For retrieval details see Elias and Sut-
ton (2012) and references therein. We compare the monthly mean emissions derived
from GOME-2 data to the time series provided in Figs. 29 and 30 in Elias and Sutton
(2012). Note that the summit emission values published in Elias and Sutton (2012),
which are susceptible to underestimation owing to radiative transfer assumptions, have
not yet been corrected for non-linear effects (see below).
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Overall, our emission rate estimates based on GOME-2 are far higher than those
reported in Elias and Sutton (2012). For total Kilauea emissions in 2008, we find 3.9 Tg,
in comparison to the 1.1 Tg in Elias and Sutton (2012) (Fig. 29 therein).

Recently, Kern et al. (2012) investigated the UV radiative transfer (RT) in volcanic
plumes in detail and showed that SO, emissions obtained from spectroscopic mea-
surements and DOAS-type analysis can be strongly biased for plumes that have large
SO, column abundance or are optically dense. For a sample day (1 March 2010), a re-
vised analysis, accounting for RT and non-linearities due to strong SO, absorption,
results in a doubling of the emission rates compared to the FLYSPEC standard eval-
uation (Kern et al., 2012). Note that generally satellite measurements can be affected
by non-linearities as well (Hérmann et al., 2013). Due to the large ground pixels and
the view from above, however, the effects are by far smaller than for slant observations
from the ground in very close proximity to the source.

The findings of Kern et al. (2012) are discussed in Elias and Sutton (2012), and
a first, preliminary analysis accounting for these effects is presented. For this revised
analysis, higher emission rates are derived (1.5Tg instead of 1.1 Tg for 2008), but
are still significantly lower than those derived from GOME-2 in this study. In order to
understand these discrepancies, further detailed investigation is necessary.

Given the added complexity of retrieving accurate SO, emission rates when ex-
tremely high column densities are encountered, and given that the ground-based mea-
surements of summit emission rates where made on Crater Rim Drive in close proxim-
ity to a very active vent (Elias and Sutton, 2012) with SO, column densities routinely
reaching values of > 10" moleccm™2 (Kern et al., 2012), it is perhaps not surpris-
ing that our emission rate estimates for 2008 to 2010 are comparably higher than the
ground-based estimates.

However, in 2007 when summit emissions were negligible, our emission rates are
actually lower than the ground-based values. During this time period, Elias and Sutton
(2012) report significantly enhanced East Rift emissions coinciding with eruptive ac-
tivity. The SO, emission rates from the East Rift were measured on Chain of Craters
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Road, traversing beneath the plume at a distance of about 9 km from the Pu’u’0O’6 vent.
At this point, the plume was significantly diluted, and the encountered column densities
were much lower than those encountered at the summit vent. Therefore, non-linear
absorption effects were probably negligible, especially before 2008 (Elias and Sutton,
2012).

In the absence of extremely high column densities, the ground-based SO, emission
rates from the East Rift in 2007 are likely fairly accurate. For this time period, the
discrepancy between satellite and ground-based emission rates instead appears to be
caused by a change in the satellite AMF between 2007 and 2008: as mentioned before,
the difference in altitude between the Kilauea summit and East Rift emission plumes
leads to a different sensitivity of the satellite instrument towards SO, emitted at each
of the two locations. Prior to the opening of the Overlook Vent at Kilauea’s summit in
2008, the entire plume originated from the East Rift and was on average located at
a lower altitude. Although it is difficult to accurately quantify the exact impact on the
AMF without an accurate measurement of the plume altitude prior to 2008, it is clear
that a lower plume would systematically reduce the sensitivity of the satellite towards
SO,, and this behavior is deemed the main cause for the discrepancy of satellite and
ground-based results in 2007. In addition, the SO, lifetime might be shorter for the East
Rift emissions (Porter et al., 2002), which would as well cause a low bias of emission
rate estimates based on mean VCDs.

5 Conclusions

Satellite measurements provide new potential to investigate and quantify sources and
transformations of atmospheric trace gases. By analysing the downwind plume of
SO, from the Kilauea volcano, SO, lifetimes and emission rates can be derived from
GOME-2 observations and ECMWF wind fields, but without the need for a chemical
model.
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For the period of most active summit degassing in March—November 2008, we find
monthly mean effective SO, lifetimes of 1-2 days, with highest lifetimes in summer,
when cloud cover is small, and lowest in spring and autumn.

Emission rates in 2008 are estimated to 9-21 ktday’1, which is significantly higher
(about 3 times) than reported from ground based measurements. Further investigation
is needed to explore this disagreement.

From the observed linear relation between emission rates and monthly mean col-
umn densities, emission rates can be roughly estimated also for months with lower
SO, VCDs, where no clear downwind plume could be fitted. However, this approach
only works as long as SO, lifetime and plume altitude do not change significantly.

An accurate a priori vertical trace gas and aerosol concentration profile is needed for
the quantitative interpretation of SO, absorption measured by satellites. For an isolated
“point source” (in terms of the satellite’s spatial resolution) like Kilauea, however, the
plume altitude can be constrained from its downwind propagation direction (at least
after the opening of the Overlook Vent at the summit in 2008).

Kilauea turned out to be particularly suited for our approach, as (a) it is a singular,
remote source of SO,, (b) the outflow patterns are clear and constrained due to the
steady trade winds, and (c) clouds turned out to be not critical. A similar analysis may,
in principle, be performed on other strong point sources of SO,, like other degassing
volcanoes or strong industrial sources, but will probably be more challenging due to
higher cloud fractions, higher wind variability, or interfering SO, sources.

The MetOp satellite series will provide a continuous time series covering more than 2
decades. Future satellite instruments like TROPOMI (Veefkind et al., 2012) will provide
better spatial coverage (once per day) and have smaller ground pixels, resulting in
a higher fraction of cloud-free observations. In addition, the better spatial resolution
could potentially reveal a possibly different plume chemistry, i.e. effective SO, lifetime,
close to the source. Furthermore, the expected better detection limit might facilitate the
investigation of weaker sources of SO,.
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Table 1. Baseline and alternative a priori settings and their impact on emission rate and lifetime

estimates for March—November 2008.

a priori Baseline  Alternatives AE/E A1/t
(a) Cloud fraction 0.2
threshold 0.1 -4% -11%
0.3 2% 7%
(o) Latitude range  10-25°N
15-20°N 2% -17%
5-30°N -9% 1%
(c) Time interval [-20,100]h
[-10,70]h 2% -1%
[-30,130]h 4% -4%
[20,100]h 10% 5%
(d) Background upwind
correction B from fit 5% 5%
(e) Plume altitude 1.5-2.5km
1—2km 29% -8%
2-3km -25% 32%
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GOME-2 GOME-2 ES12 ES12 ES12 Abstract Introduction
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Conclusions References

2007 0.7 1.3 1.1 0.2
2008 12.5 11.2 2.8 1.9 0.9 Tables Figures
2009 6.4 2.2 1.4 0.9
2010 5.3 1.3 0.5 0.8
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Fig. 2. Monthly mean SO, VCD for August 2008. Colorbar as in Fig. 1. Kilauea on Hawai'i Island
is indicated by a triangle. The grey lines show surface elevation contours in 1 km intervals. The
main plume direction is indicated by a grey arrow, while the mean ECMWF wind vector for
different altitudes is plotted in shades of green (a vector length of 1° corresponds to a velocity
of 5ms™ ). As transport on Hawal'i Island is strongly affected by topography, the south-western
tip of the island was chosen as origin.
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SO2 flux [kilotons/day]

Fig. 4. Measured SO, flux (i.e., latitudinally integrated VCD times wind speed u) as function of
time for March—November 2008 (red) and the fitted exponential downwind decay according to
Eqg. (1) (black). Light red indicates months in which ECMWF winds turned westerly for at least
one 6 h time-step. Error bars in x and y reflect the statistical error of the mean SO, flux, and
the statistical error of t deduced from ECMWF wind variability, respectively.
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Fig. 5. Fitted SO, lifetimes (top) and emission rates (bottom) for March—November 2008. Error
bars indicate the confidence intervals derived from the least-squares fit. In the upper panel,
also the monthly mean cloud fraction (from GOME-2) is included, revealing an anti-correlation

to 7 (R = —0.76).
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Fig. 7. Time series of Kilauea’s SO, emission rate. Black: results from the monthly fits (as in
Fig. 5). Orange: emission estimates based on the monthly mean SO, VCD, using the linear re-
lation derived in Fig. 6. Green/magenta: emission estimates by Elias and Sutton (2012) (ES12),
derived from ground-based measurements, for the Kilauea summit/East Rift, respectively.
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