Response to Review #2

We thank the reviewer for taking the time to thoroughly understand the work presented in this study, and for the helpful
comments and suggestions for improving the manuscript.

Answers to the general comments are given below, followed by point by point answers to the Specific and Editorial
comments. Reviewer comments are given in black, answers are given in blue, and changes in the manuscript are noted
in quotations (“”), also in blue.

General comments:

One of the major results of the paper appears to be that uncertainty in the width of the log-normal ash size distribution
assumed in the satellite retrievals is the major uncertainty in the source term estimation technique—at least that this
uncertainty is much more important than so called “other-than-size” uncertainties in the retrieval. This is presented as a
rather general conclusion. | see two problems with this conclusion.

Firstly, and generally, it is hard to make concrete conclusions about the impact of different uncertainties when the
ranges of uncertainties used in the study for the different parameters are rather arbitrarily, and not uniformly sampled.
Uncertainties in “other-than-size” parameters in the retrievals are sampled at 0-200%, while the uncertainty in the a
priori is sampled from 25-100%. Ash size distribution widths are sampled at a set of discrete values, and it’s not clear
how any of these ranges compare to the fundamental uncertainties in these physical parameters. It is therefore hard, or
impossible, to draw conclusions about the relative importance of different uncertainties in the results of the inversion.

The selection of uncertainty estimates are based upon what have been used in previous inversion studies cited in the
manuscript. Although the Kelut study (Kristiansen et al., 2015) applies an a priori uncertainty of 1000 %, the other
studies cited in the manuscript use uncertainty estimates for the a priori source from 100 % and downwards. Mass load
uncertainty estimates for the satellite data are difficult to set and are often not well documented in the literature. Wen
and Rose (1994) and Corradini et al. (2008) estimate errors from 40 - 60 %, however as seen in the satellite data used in
this study as well as in the other studies cited, the uncertainty estimates can have a more extensive range. Therefore a
wider range of 0 — 200% is used for mass load uncertainty in this study.

The geometric standard deviation of the particle size distribution is chosen as a subset of what is presented in Francis et
al. (2012). There are relatively few observations of size distribution of ash particles, and arguably these can also be only
representative for the observed time and area as plume dynamics and transport conditions have impact on fine ash
aggregations and hence the size distribution. Schumann et al. (2011) and Johnson et al. (2012) presents some in situ
measurements of particle size distribution made during the Eyjafjallajokull 2010 eruption. Johnson et al. (2012) show
that the size distribution of ash particles measured with Cloud and Aerosol Spectrometer (CAS) (0.6 to 35 pum) for six
flights between 4 to 18 May 2010 may be described by lognormal distributions with standard deviations from 1.8 to
1.9. Gasteiger et al. (2011) use a standard deviation range from 1.2 to 4 supporting the use of larger and smaller
standard deviations (1.5, 2.25) as well.

Even though the different uncertainties are not uniformly sampled it does show the spread in the results based on
realistically set uncertainties. However more studies ideally should be done for different volcanic eruptions to enable a
more complete conclusion on the uncertainty dependency for the a posteriori, to be drawn.

Secondly, it is hard to believe that changing the uncertainties in the retrieved ash mass (the “other-than-size” satellite
parameters) from 0 to 200% (Pg 7, line 1-2) will have such small impact on the estimated source term (as in table 1).
The authors note that part of the explanation for this may be because the a priori used in the emission estimation is
rather large compared to all the a posteriori results. So, if the uncertainty used for the a priori is too small, then the



assimilation might be too strongly constrained by the a priori, and the satellite observations have a similar impact on the
result no matter the uncertainty assigned to them. If this is the case, then it is a result which is very specific to this case—
the opposite result might occur if the a priori is very realistic. This point needs to be very carefully considered in the
abstract, results, and conclusions. It would actually be extremely useful to repeat the analysis using the 0.1 fine ash
fraction, which would apparently greatly improve the accuracy of the a priori.

The authors agree that the result depend on the reduction of the a priori estimate. We repeated the analysis using the 0.1
fine ash fraction and the results are shown in Figure 1.
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Figure 1: Spread of the a posteriori for 0.1 fine ash fraction for the four satellite data sets with the four different size
distribution assumptions (sat 1.5 — 2.25). (Left) The spread in the a posteriori caused by varying the uncertainty connected to
the satellite data, with a priori uncertainty set to 75 %. (Right) The spread in a posteriori caused by varying the a priori
uncertainty, with a constant satellite uncertainty of 100 %.

The results are similar to those presented in the manuscript, although due to the 0.1 fine ash fraction the spread in the a
posteriori solutions for the sensitivity to a priori uncertainty exhibit some differences. Compared to the a posteriori for
the 0.4 fine ash fraction, the spread for sat 1.5 and 1.75 is smaller at 5 km height as the satellite retrievals are more
similar to the a priori at these heights. There is also a larger spread for the sat 2 and sat 2.25 retrieval compared to the
0.4 fine ash retrieval.

For the mass loading uncertainty, since the uncertainty of the satellite retrieval is a percent of the retrieved ash mass
loading, the spread in a posteriori estimates for the satellite retrieval with geometric standard deviation of 1.5 is much
smaller than the one with a geometric standard deviation of 2.25. However, similar to the plot in the manuscript, the a
posteriori spread due to the mass load satellite uncertainty is still smaller than the a posteriori spread caused by using
the different satellite data set. indicating that although using a large spread for mass load uncertainty (up to 200%) it
does not reflect the real uncertainty in the satellite retrieval as seen in the larger spread between the sat 1.5 and sat 2.25
a posteriori results.

Even with using the 0.1 fine ash fraction, the solutions show that the a priori uncertainty contributes the most to the
sensitivity of the a posteriori even with a smaller spread (25-100% vs. 0-200%). To include this in the manuscript, the
sentence on line 24 page 1 will be changed to:

“Setting large uncertainties connected to both the a priori and the satellite uncertainties are shown to compensate each
other, but the a priori uncertainty is found to be most sensitive.”



Line 29 page 16 will be changed to:

“The spread in a posteriori due to the a priori uncertainty for the four satellite retrievals is largest where the a posteriori
and a priori deviate the most. Mass loading uncertainties connected to the satellite retrieval are found to have smaller
effect.”

The text is often hard to understand, partly because many different names are used interchangeably for the same things.
For example, the ash emissions as a function of height and time which are estimated by the “inversion technique” are
referred to as the “source term”, the “source emission term”, the “source estimate”, the “emission estimate” and so on.
If the same thing is referred to in each case, then the same name should be used.

The authors agree that using the same name should be used throughout the text. In the revised manuscript we
consistently use “source term”.

Specific comments

Pg 1, I7: Data assimilation techniques are not a development in and of themselves, but the application or use of them in
this field may be.

Answered below, pg 1, I7.

Pg 1, I7: The aim or advantage of data assimilation is a little more subtle than just bringing model results in close
agreement with observations. When used properly, data assimilation results provide more value than the model results
or observations individually.

The authors agree and the sentence has been changed to:

“One major development has been the application of data assimilation techniques, which combine models and satellite
observations such that an optimal understanding of ash clouds can be gained.”

Pg 1, 119: Varying assumptions in the satellite retrieval only translates to uncertainties in the estimated emissions if
those variations correspond to actual uncertainties in the satellite retrieval, ideally quantified in some systematic way.

The study finds that the assumptions made in the satellite retrieval is more important than the associated mass load
uncertainty as the inversion constrains the source term by the satellite observations. The real size distribution in the
satellite observation is unknown at the start of a forecast, as well as the pixels may be contaminated by the presence of
water and ice clouds. To quantify the uncertainty in the satellite retrievals is beyond the scope of this study and have
been done in several studies mentioned above.

The sentence is changed to:

“Varying the assumptions made in the satellite retrieval is seen to affect the a posteriori emissions and modelled ash
column loads, and modelled column loads therefore have uncertainties connected to them depending on the uncertainty
in the satellite retrieval.”

Pg 1, 120: It’s not clear what “weighting of uncertainties” means here. Uncertainties are used by data assimilation to
weight the relative contributions of different sources of information, but the uncertainties are not themselves weighted.

The authors agree that this is not the correct formulation. The sentence has been changed as follows.



“By further exploring our uncertainty estimates connected to a priori emissions and the mass load uncertainties in the
satellite data, the uncertainty in the a priori estimate is found in this case to have an order of magnitude more impact on
the a posteriori solution compared to the mass load uncertainties in the satellite data.”

Pg 2, 16: It’s not clear how the use of the a posteriori emissions reduces uncertainties connected to the satellite
observations.

Please see answer below, p.2, I7.

Pg 2, 17: isn’t the forecast of real interest that of the ash transport? Forecasting the ash emission seems like a very
different, and difficult problem.

Thank you for noticing this. We have clarified this sentence as follows:

“Overall, using the a posteriori emissions in our model reduces the uncertainties in the ash plume forecast, because it
corrects effectively for false positive satellite retrievals, temporary gaps in observations, and false a priori emission
estimates in the window of observation.”

Pg 2, 114: “source term” should be well defined in its first use.
Agreed, we have added a better definition, and use ‘source term’ throughout the manuscript.
Sentence replaced by:

“These models need a robust estimate of source parameters such as ash release height, amount of ash released and ash
particle sizes. The combined choice of these source parameters is below named the source term. During an eruption,
information about the source term is often limited.”

Pg 2, 126: It wasn’t clear to me at first that the “zero” and “constant” a priori estimates were two different things. Also,
this result likely depends on the uncertainty assigned to the a priori, and the size of the assumed “constant” a priori.

Thank you for pointing out that this is not clear, and the authors hope that a rewrite will help:

“Eckhardt et al. (2008) found small differences between the a posteriori estimates when using a zero value or a non-zero
constant value as a priori estimate for the Jebel at Tair 2007 eruption.”

Pg 3, I1: this sentence seems to contradict the previous sentence.

The authors agree that the sentence was a contradiction, and the last part of the sentence was not needed as applying
more satellite observations reduces the forecast time and represents the same results as younger plumes. The sentence is
changed to:

“A better source term for the entire episode studied may be found by assimilating several satellite observations over the
entire period studied.”

Pg 3, 115: It should be made clear that this list is not exhaustive, certainly one could use other estimates in the forecast,
including an upper limit.

The authors agree, and the sentence is changed to:



“For emissions to be used during the forecast period there are several possibilities for example 1) assume no further
emissions; 2) use the latest a priori emission from Mastin et al. (2009); or 3) use the average of the last hours of the a
posteriori from the inversion.”

Pg 3, I17: 1t’s not really clear to me why or how using the average of the past few hours in the forecast “limits the
uncertainty” of the emissions: this implicitly assumes that the volcanic emissions are most likely to persist at a
relatively constant rate. If this can really be shown to be the best assumption, then it would be an interesting result.

The emission in the forecasting period is difficult and using the average of the last hours will include some scaling from
the satellite data. The study shows that the results may improve if the latest emission estimate is included in the
forecast, it is also beneficial for the forecast to include it in the case where the emissions have ceased. The sentence is
changed to:

“Assuming the eruption continues, the latter option includes some information from the satellite observations that may
limit the uncertainty of using a priori default emissions. The use of an average of the emission during the last12 hour
will be compared here against zero emissions in the forecast period.”

Pg 4, 115: Is there a justification for this threshold?

The threshold is chosen pragmatically to not include too much model data with low values, which will increase the
computational time as well as the limitation of points that the inversion technique can handle with the current set up.
This is a problem for Eulerian models and not for Lagrangian model such as FLEXPART, for which the inversion
method was originally designed for. The limit we have chosen reduced in our case the data volume by around 30%.
Visual inspection of the volcanic plumes assured us of capturing also well the borders of the plume.

Pg 5,132: Are the satellite measurements hourly means of many satellite measurements, or single “snapshots”?

The satellite data are snapshots.

Pg 7, 11-2: If it is true that the so called “other-than-size” uncertainty is simply an uncertainty associated with the
retrieved ash mass, it would be clearer to refer to it as so ,i.e., “mass loading uncertainty” or so. I see that the assumed
size distribution also impacts the mass loading, and so there is an argument that the term “mass loading uncertainty”
may not be exactly unique, but if it more clearly describes what it actually is, then | think the process will be easier for
the reader to understand.

The term for this uncertainty was difficult to decide as there are many uncertainties for the satellite data, firstly related
to different retrieval details in particular cloud and surface corrections, and secondly those reflecting the uncertainties in
the retrieved mass loading values.

“To see the effect of the mass loading uncertainties on the inversion calculations, four uncertainties are assigned to the
satellite data in separate inversion calculations; 0 %, 50 %, 100 % and 200% as a percent of the retrieved column load
in each grid cell.”

Pg 7, 127: This is confusing, if the satellite observations are used as the observation field, won’t this analysis compare
the model forecast with the satellite observations? And if so, isn’t the answer obvious, that is when the uncertainty
assumed for the satellite observations is relatively small compared to the other uncertainties, then the assimilation will
put more weight on the satellite obs and produce a closer agreement?

Yes, its true, the satellite observations used here for evaluation are not independent of the assimilation. The reason for



using the satellite observations again, is that they are the only data containing spatio-temporal info. The evaluation also
shows that the assimilated fields are not perfect and the quality depends on the amount of satellite data assimilated. For
the forecast period we can further assume that the satellite data represent an independent estimate of the ash cloud. We
are not proving that assimilation and satellite data are more similar for different mass load uncertainties; we test instead,
how good the agreement between assimilated field and satellite is for different model simulations using more and more
data, or different satellite data. For this part of the manuscript, the reference uncertainties are set for a priori and mass
load uncertainties on the 1.75 and 2.25 sat data. The text has been clarified.

“The satellite data used for the inversion are also used for calculating the SAL scores. One advantage is the broad
spatial coverage of the satellite data. While this does not allow a totally independent check of the assimilation, it
provides information on how much the different amounts of satellite data entering the inversion procedure influence the
performance in the observed period and in the forecast period. In particular in the forecast period, the satellite data are
rather independent from the inversion assimilation.”

Pg 9, 118: In Figure 5b, it’s not clear which color refers to which a priori uncertainty value.

The colors refer to the different satellite data sets used as shown in the legend. The sentence describing the figure has
been clarified:

“In figure 5b) the mass loading satellite data uncertainty is set to 100% and the a priori emission uncertainty is varied
from 25 to 100% for each of the four satellite sets.”

Pg 9, 119: Does this last sentence of the paragraph refer to Fig 5a or 5b? And does the spread produced by using
different size assumptions in the satellite retrieval represent the full a priori uncertainty, or could other sources of
uncertainty also affect it?

The sentence refers to fig 5b. Indeed, as not all uncertainties for the a priori are studied here the sentence is changed to:

“The resulting spread in vertical emission distribution for the different satellite data sets represents the a priori
uncertainties studied here.”

pg 10, 17: I don’t think that using a range of uncertainty values in the operation forecasting is ideal: in fact, the ideal
forecasting should use the most accurate estimates of the real uncertainties as possible: the result of the forecast should
then produce the most accurate result.

Using a range is not ideal and indeed not feasible, as we state in the paragraph. What we try to investigate is, how
accurate the uncertainty estimate must be, and how accurate combined uncertainties must be. The uncertainty of the
uncertainties is influencing the end result. So what to chose, how exact do we have to estimate the uncertainty? This is
one of the questions the study is addressing. What to do at the start of an eruption when little information about the
uncertainties is known? The results presented here may provide some insight how exact we have to estimate the
uncertainties used in the inversion method until further information is known. The second part of the paragraph is
changed to:

“Using a range of uncertainty values is probably not feasible in an operational setting. But the results presented here
provide insight into the impact of the uncertainties on the resulting spread of the a posteriori source term. It may guide
operational efforts in the case of future volcanic eruptions to establish a combination of realistic uncertainty estimates,
not being unnecessarily over precise on individual uncertainties.”

Pg 10, 113: What does “typical” mean in this case, is it similar to the overall ensemble mean?



Typical means here the estimates closest to what is used in previous studies and what is found to give reasonable result
within the spread of a posteriori source terms. The word typical might not be the best word though, and the sentence is
changed to:

“The inversion result and associated simulation is our best guess and a reference for comparing our different
experiments.”

Pg 12, 114: The term “optimized field” is not easy to understand, is this simply the forecast model result?

Optimized field refers to the model ash field with an a posteriori source term that includes all the satellite observations
up until the start time of the forecast. This is previously referenced as initially simulated ash concentrations and should
be referenced this way again:

“The model simulation does not manage to transport narrow ash clouds with high concentrations due to numerical
diffusion and the initially simulated concentrations (Fig 9b) therefore have smaller maximum values. “

Pg 16, 115: This wasn’t really an operational forecast setting, more a kind of hindcast scenario.

The authors agree that forecast setting is not correct wording as it is a hindcast, however the test is done in a setup that
resembles what could be done if a volcanic eruption occurred in the future. The sentence is changed to:

“In this paper an inversion method for source term calculations is tested in an operational forecasting setup over two
short periods of four days during the Eyjafjallajokull 2010 eruption, simulating a forecast situation.”

Pg 17,121: I don’t think the paper really shows that the use of the emission inversion technique produces improved
confidence in the satellite data.

Figure 9 and 10 shows areas where the satellite retrieval find ash clouds that could not be simulated with the model,
These areas are difficult to label false positives without also studying the transport of emission from the erupting
volcano. This is done by the dispersion model with ash released at several heights. The authors agree that confidence is
not the right word, and the sentence is changed accordingly:

“Model results with a posteriori emissions decrease the ambiguity when using both the forecast and the satellite
observations by obtaining model ash loads more comparable to satellite values, and facilitating the interpretation of the
satellite data by identifying areas with e.g. false positives or undetected ash.”

Editorial comments
Pg 1, I11: exploits->explores

Changed accordingly.

Pg 1, 113: it may couple measurements from a satellite instrument, but not the satellite itself.
Thank you for noticing this, the sentence is changed to:

“.., which is computed by an inversion method that couples the satellite retrievals and a priori emissions with dispersion
model data.”



Pg 2, 110: should probably be clear you refer to airplane windshields.

Changed accordingly.

Pg 2, 112: current->instantaneous

Changed accordingly.

Pg 2, 121: suggest: “weight their relative contributions to the inversion results”

Changed accordingly.

Pg 2, 132: A more accurate emission term is. . .

Changed accordingly.

Pg 4, 115: “Emitted” from an emission? Perhaps “resulting from a unit ash emission” is closer to the mark?

Changed accordingly.

Pg 5,132: I’'m not sure what “forward mean” means.
This is a forward interpolation method that takes the average over the matching input cells. The sentence is changed to:

“For the inversion, satellite observations for every hour are used as input and forward interpolated to the 0.25 x 0.25
degree model domain and if two or more pixels belong to the same grid cell the column loads are averaged.”

Pg7,113:0.4 s

Changed accordingly.

Pg 9, 128: “trough™?

Changed accordingly.

Pg9,132: “left-most”

Changed accordingly.

Pg 11, 123: the change in a posteriori emissions. . . is similar. . .

Changed accordingly.

Pg 11, 124: April and May periods

Changed accordingly.



Pg 16, 115: The start of the conclusions shouldn’t reference “the inversion method”aA Ta” reader might not have
necessarily read the preceding sections in detail.

Changed to:

“In this paper an inversion method for source term calculations is tested..”

Pg 16, 120: The observed ash cloud. . . is shown to be difficult. . .

Changed accordingly.

Pg 16, 125: The retrieval does not really “decide”, maybe “distinguish” is a better word choice.

Changed accordingly.

Pg 17,111: I don’t think the “times” are reduced.
Changed to:

“Emission at times with no significant ash emissions is...”

Pg 17,117: . . .the model. . . has more ash (although, the model doesn’t really “have” anything).
Changed to:

“The SAL scores show that model results at most times have more.”
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