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We thank Dr. Arlin Krueger for the thorough and thoughtful review of our manuscript
and for his many valuable suggestions.

Dr. Krueger’s report provides a balanced and complete description of the content of this
lengthy manuscript. His overall highly positive remarks are encouraging. In response
to the most critical comments (between quotation marks) in Dr. Krueger’s report we
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present the following arguments:

“In Sec. 2, I am bothered by treating the word ’data’ as singular, as in ’Data is trans-
ferred via a serial port. . .’ (line 180, and again in line 189) in the scientific literature.
I realize in non-scientific literature ’data’ can describe a single collection of facts, etc.,
but I learned to use “datum” for singular measurements and ’data’ for multiple points.”

We thank for pointing out this grammatical error, which is now amended throughout the
manuscript.

“Figure 3, consisting of 32 plots of station data, is impossible to read and should be
presented in two or more sub-figures. In Fig. 5 (mis-referenced as fig. 4) the series of
annual emissions from 12 volcanoes is compared with OMI data. These 12 panels are
just legible on a printed page.”

We agree that the figures need to be improved. We have revised all figures, increased
their size, and split Figure 3 into four figures for better visualization. We have also
corrected the mis-referencing of Figure 4. Thanks for pointing out this mistake.

“Steps to deal with the problem of calculating long-term emission budgets from irregular
sets of data are discussed. The adopted policy of filling missing days by interpolation
is understandable but problematic.”

We agree that the procedure to attribute periods of null detection of volcanic plumes
by the instruments to actual low levels of volcanic outgassing may not be entirely sat-
isfactory, and in this sense “problematic”, due to lack of detailed information for all
conceivable cases. Although the comment does not elaborate on details, we would
like to stress that our procedure is a proposal to deal with irregular time series allow-
ing a more reasonable comparison with the satellite-based dataset, which is assumed
to have a more complete coverage. This is the simplest unbiased alternative to per-
forming an interpolation between observed data-points: when all conditions are met
for detecting a volcanic plume, and yet no emission is observed, the most likely ex-
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planation is that the emission was in fact low. This is quite different from assigning
an emission equal to the mean-point between the two nearest observed points. Be-
yond the goal of comparing long-term emission budgets between two instruments, the
proposed method could be very useful for monitoring purposes, because contextual
information on wind direction and cloud cover allows to differentiate between true low
emission of the volcano and other non-volcanic causes for missing the plume (weather,
plume direction, instrumental failures). This type of information is crucial to interpret
the variations in volcanic activity. Furthermore, we present both the original and the
re-constructed time series resulting from applying this method, as well as an indication
of the density of data for NOVAC. The cautious reader can then judge the potential bias
that this method may cause, for example if the number of days with observed plumes
is too low to serve for a conclusive comparison. We think these are valid arguments for
keeping both time-series (and tabulated data) in the manuscript and appendix.

“Even on a log scale the differences between NOVAC and OMI annual emissions are
large and the explanations are not convincing.”

Since this is the more substantial criticism to the manuscript, in the following we attempt
to respond each assertion separately.

- “I would think the failure of OMI in separating emissions from two nearby volcanoes
would not be important as ground observers certainly will notice emissions from the
other volcano, as noted.”

We agree and, as mentioned in the comment, already noted that ground-based obser-
vations could help to discriminate between nearby sources. This is the case, for exam-
ple, at the Virunga volcanoes Nyamuragira and Nyiragongo or the Central American
volcanoes San Cristóbal and Telica. Inherent to the method to achieve tropospheric
sensitivity from OMI observations, is a loss in spatial resolution of sources located just
a few tens of km apart. We do not argue that OMI ‘fails’ in estimating the aggregated
emissions of one source region, but rather that by comparing the two methods, as in
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the case of Nyiragongo presented in Figure 5, we can now estimate the contribution of
each individual source to the aggregated emission. Therefore, the large discrepancy
observed after 2011 should not be interpreted as a failure of OMI to quantify emissions
from Nyiragongo, but instead demonstrate the value of combining both methods to ob-
tain the emissions from each of the two individual volcanoes. We think that the text
explains this well:

[. . .in the case of two nearby volcanoes, such as Nyiragongo-Nyiamulagira (with a foot-
print of 13x24 km2), OMI cannot separate completely the contributions of each source,
so they are reported as a complex. In this respect, NOVAC can aid to discriminate be-
tween these sources, since the stations are deployed with a focus on Nyiragongo and
the finer time resolution allows disentangling contributions, especially during periods of
heightened activity at any of them.].

- “Limitations of NOVAC data to daytime hours cannot explain factors of 2 - 4 differ-
ences even given the high variability of emissions. In line 451ff ’whereas OMI could
in principle detect. . .’ OMI can in fact detect any emissions that have occurred day
or night prior to the overpass. However, one has to account for chemical or physical
losses in order to calculate instantaneous emission rates and totals.”

We partially disagree with these assertions. Firstly, differences within the same or-
der of magnitude are expected when we consider the uncertainty distributions for both
methods. As discussed in section 2.3, NOVAC has an asymmetric uncertainty distri-
bution skewed towards values lower than the mean with a standard deviation which is
typically in the order of 50%. By averaging data for one day, the random component
of uncertainty is reduced but the reported mean daily flux still lies within about -30 and
+10% of the most probable value (as explained in section 2.3 of the manuscript). To
compare with OMI, we further calculate statistics over an entire year (with and without
the ‘filling’ procedure) which results in an unknown, but presumably larger uncertainty
for the annual emission estimate. This value is more likely an underestimate than an
overestimate of the most probable flux, with an uncertainty of around 50%. If we as-
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sume, due to lack of better information, that the daily emission derived from averaging
of OMI images is symmetric and within ±50%, then it is perfectly reasonable that differ-
ences on the order of a factor of 2-4 are sometimes encountered between the annual
emissions derived from the two methods. It is worth-mentioning that the differences are
largely dependent on the amount of valid data and that in many cases the agreement
between the two methods is remarkably good. Secondly, we used the qualifier “could
in principle”, because detection of all emissions within the OMI overpass-interval would
be feasible for complete coverage of the source and surroundings, for images uncon-
taminated by clouds or large column density pixels, and by accounting for ‘losses’ due
to chemical reactions, deposition on ground, adsorption on ash or aerosol surfaces,
or dilution in the atmosphere below the detection limit of the sensor. For OMI, not all
volcanoes can be observed completely every day. This is first a consequence of the
orbit of the Aura satellite that leaves narrow gaps (‘stripes’), particularly at low latitudes.
Since 2007, OMI spectra have also been affected by the so-called ‘row-anomaly’ (The
OMI Team, Ozone Monitoring Instrument Data User’s Manual) which changes with time
and which can have a significant effect on the retrieval, and therefore data affected by
this anomaly are removed resulting in a further degradation of daily coverage. Finally,
to produce the OMI dataset that we used in our comparison, Carn et al. (2017) ap-
plied filters for cloud cover above 20%, solar zenith angles below 70 degree, large SO2
column densities (5-15 DU), and other selection criteria. Together, all of these effects
lead to a significant reduction in spatial coverage and thus, filtered in this way, the OMI
dataset is far from complete on daily timescales.

- “As stated, an in-depth study of discrepancies is certainly needed. This section de-
tracts from the otherwise excellent presentation of the research work. I suggest re-
working or removing this section.”

We respectfully disagree with this assertion. The dataset available from OMI (Carn et
al., 2017 and related work) is the most complete complementary record of observa-
tions which overlaps in time with the ground-based measurements presented in this
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study. It is therefore highly desirable to compare the two datasets. We acknowledge
the difficulties and complexities in performing a high-quality comparison and validation
study and agree with the referee that a more thorough examination is needed than
what is possible within the scope of this manuscript, which first and foremost focuses
on presenting the ground-based data. However, we feel it is necessary to make a first
comparison here in order to point out the complexities, difficulties, and potential pitfalls
of such an exercise, lest other researchers with less experience in this field attempt an
oversimplified comparison and possibly draw incorrect conclusions from it. We present,
as transparently as possible, all the steps from data acquisition to generation of daily
emission statistics. We then produce annual averages for comparison by proposing
a method to more properly fill data gaps. Still, we find that each volcano should be
treated separately because of different conditions of measurement, level of activity or
proximity to nearby sources. We hope that this first comparison will elicit a more thor-
ough study, ideally involving both teams behind the production of the two datasets.

- “Perhaps treating the two datasets as complementary will help explain the differences,
as alluded to in the conclusions. It could be that the real value of NOVAC may be
in characterizing the continuing low-level background emissions of volcanoes. Any
thoughts of validating older satellite data appear to be gone. However, if the suggestion
that low-level background emissions dominate the global volcanic SO2 budget is borne
out, then this effort will have been successful.”

We agree with this comment, that both datasets are to a large degree complemen-
tary. The assertion that low-level background volcanic emissions of SO2 are dominant
is not originally ours but was instead determined by global satellite-based measure-
ments. Since the first detection of SO2 emitted during the 1982 El Chichón eruption by
our referee and with increasing sensitivity over the years, satellite observations have
demonstrated the predominance of passive over eruptive volcanic degassing. We be-
lieve NOVAC could play a crucial role in refining this picture. The reason behind validat-
ing OMI data only in this study is the availability of a very thorough and comprehensive
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dataset for this sensor; however, extending this comparison to other sensors such
as GOME-2 or OMPS, which have been operational during the same period, would
be very interesting. This would allow an assessment of the effects of different spa-
tial resolutions and other instrumental factors in producing time-series of volcanic gas
emissions from satellite records.

“Detailed comments” We thank the reviewer for spotting these errors, all of which are
now amended.

Interactive comment on Earth Syst. Sci. Data Discuss., https://doi.org/10.5194/essd-2020-295,
2020.
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