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Abstract Volcanic Ash Advisory Centers (VAACs) have generated volcanic ash forecasts for the aviation
industry since the mid-1990s. The excellent spatial and temporal coverage of satellite data makes them critical
to the validation of ash dispersion model forecasts. This study investigates the limitations of satellite-retrieved
volcanic ash data through the production of simulated radiances for a range of ash cloud properties
encompassing the satellite retrieval's sensitivity. We run a detection and retrieval algorithm (Francis et al., 2012,
https://doi.org/10.1029/2011JD016788) on these simulated ash clouds and assess the sensitivity and
performance of the algorithms. Expected limitations are highlighted, including a lack of sensitivity to particles
larger than ~10 pm in radius and challenges in accurately retrieving heights in the stratosphere. However, other
previously poorly defined limitations are also constrained, such as the reduction in sensitivity as ash column
loading increases in optically thick ash clouds and increasingly underestimated column loading when column
loadings are >~7 g m~2 We consider the implications of the identified limitations when using satellite-
retrieved ash column loadings to verify dispersion model output. We show that, accounting for the limitations of
the satellite retrieval, a significant proportion of mass in the model output can lie outside the sensitivity range of
the satellite detection and retrieval. This demonstrates the importance of understanding observations' limitations
when comparing to model output. This knowledge should be used when verifying operational volcanic ash
cloud forecasts.

Plain Language Summary Volcanic Ash Advisory Centers (VAACs) were created to forecast the
location of airborne volcanic ash as it is a hazard to aircraft. These forecasts are produced by dispersion models,
which combine estimates of the ash ejected by the volcano with meteorological information to forecast the
location and amount of ash in the atmosphere. Observations, particularly satellite data, are required to validate
the forecasts. However, satellite data also has uncertainty and this can vary significantly for different ash clouds.
This paper investigates the uncertainty in quantitative satellite data, constraining previously poorly defined
biases, such as limitations for larger ash particles and regions where large amounts of ash are present. These
limitations are then considered when comparing quantitative satellite data to quantitative dispersion model
output. This showed that significant portions of ash mass present in dispersion model output may be outside the
quantitative satellite data's sensitivity range. This has important implications for the use of quantitative satellite
volcanic ash data to validate dispersion model output.

1. Introduction

As volcanic ash represents a hazard to aviation there is significant interest from the aviation industry in volcanic
ash forecasts. Since the mid-1990s, a network of nine volcanic ash advisory centers (VAACs) has generated
forecasts, which advise the aviation industry of the presence of volcanic ash in the atmosphere (Mastin
et al., 2022). The forecasts are produced based on the output of volcanic ash transport and dispersion models
(VATDMSs) and observations. The VATDMs take input from numerical weather prediction (NWP) models and
information about the volcanic ash source to model the transport and dispersal of the ash (Bonadonna et al., 2012;
Witham et al., 2007). At the London VAAC, the Numerical Atmospheric-dispersion Modelling Environment
(NAME) is used (Beckett et al., 2020; Jones et al., 2007). Although the forecasts are currently only required to
indicate the expected location of the ash cloud, there will soon be a new requirement, referred to as quantitative
volcanic ash (QVA), for VAACSs to produce quantitative forecasts of ash concentration and an indication of the
probability of exceeding the prescribed concentration thresholds (ICAO, 2019). This has placed more emphasis
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on accurately modeling the amount of ash in the atmosphere and on observations to provide accurate and reliable
quantitative data for validation and forecast adjustment in addition to monitoring. This will also require a
comprehensive understanding of the uncertainty associated with the eruption source terms, dispersion model
parameters, and NWP data used with VATDMs, as well as a similar understanding of the uncertainty in any
observations which may be used to constrain the dispersion model output. Note that throughout this paper “cloud”
will be used to refer to ash downwind of the source and “plume” will be used to refer to ash directly above the
source location.

Thermal infrared (TIR) satellite data can be used to identify and analyze volcanic ash clouds (e.g., Francis
et al., 2012; Pavolonis et al., 2015a, 2015b; Prata et al., 2022) using the reverse absorption effect (Prata, 1989a,
1989b; Wen & Rose, 1994). This is where silicate particles become less absorbing as the wavelength of incident
radiation increases from 10 to 12 pm, whereas water and ice particles show the opposite behavior. The primary
instrument used at the London VAAC to observe volcanic ash is the Spinning Enhanced Visible Infra-Red Imager
(SEVIRI) aboard Meteosat Second Generation (MSG), which has channels at 10.8 and 12.0 pm. This is because it
provides frequent (15 minutely) coverage of the eastern North Atlantic and northern Europe region the London
VAAC is responsible for. A brightness temperature difference (BTD) is generated by subtracting the 12.0 pm
brightness temperature (BT) from the 10.8 pm BT. In the presence of ash, this BTD will usually be negative, while
the opposite is true for meteorological clouds. The retrieval of volcanic ash properties has been demonstrated in a
variety of schemes including those described by Prata and Grant (2001), Francis et al. (2012), and Prata
et al. (2022). The method of retrieval in this paper is that described by Francis et al. (2012), which is a 1D-Var
(one-dimensional variational analysis) method based on the Bayesian optimal estimation previously described by
Rodgers (2000). The method searches for the optimal solution for the ash column loading, ash cloud height, and
lognormal distribution of ash particle radius (specifically, the optimal effective radius is found for eight different
assumed geometric standard deviations: from 1.25 to 3.0 in 0.25 intervals). This is based on the observed radi-
ances seen in the 10.8, 12.0, and 13.4 pm channels and prior (background) probability distributions for the
retrieved ash cloud properties. The search for the optimum solution involves the minimization of a cost function,
which is comprised of the sum of the “background” and “observation” cost. The observation cost is a measure of
the difference between the observed BT's and the simulated BTs given the presence of an ash cloud of the retrieved
properties. The background cost is a measure of the difference between the a priori ash cloud properties (provided
in Table 1) and retrieved properties. Lower costs are indicative of scenarios where the retrieval has been able to
find a solution that closely fits the observed BTs (and does not differ significantly from the a priori values). Higher
costs indicate poorer fits and less reliable retrieval results.

The method, like most satellite TIR retrieval schemes, relies on a semitransparent ash cloud to produce the BTDs
that allow for detection of volcanic ash and then for accurate retrieval. Above ~10 g m™2 column loading, the
cloud starts to become optically thick and the reliability and accuracy of satellite retrievals decrease. Similarly, the
BTD method relies on the temperature contrast between the surface and the cloud (volcanic or meteorological).
The BT observed at the satellite depends on the temperature at the altitude the radiation has been emitted from.
Usually, the radiation received will be a combination of radiation from the surface and radiation from any ab-
sorbers, such as clouds, in the atmosphere. As such, lower BTs are observed when there is thicker cloud present,
which will usually be at a lower temperature than the surface. How much lower the BTs are will depend on how
much colder the cloud is than the surface (where higher clouds are usually colder), how thick the cloud is
(optically thicker clouds will result in a greater proportion of the observed radiation coming from the colder cloud
than the warmer surface) and the wavelength being observed (ash is more absorbing at 10.8 pm than 12.0 pm, and
the opposite is true for water, which leads to the BTD behavior described above). As such, there could be an
unknown bias in observations when ash outside the observing method's sensitivity range is present, such as with
ash particles larger than 10 pm in radius, which do not produce the BTD behavior typically associated with ash.
Once the properties of volcanic ash have been retrieved from the satellite data, they can be used for both
dispersion model validation and adjustment. The latter can take many forms including data insertion (Prata
et al., 2021; Wilkins et al., 2016), inversion (Pelley et al., 2021; Stohl et al., 2011), and data assimilation (Fu
et al., 2017; Mingari et al., 2022; Pardini et al., 2020). There are strengths and weaknesses to each of these
approaches, but all require a good understanding of the uncertainty and potential for bias in the satellite data.

This paper intends to quantify biases and uncertainties that may be present in the Francis et al. (2012) satellite
volcanic ash retrieval and assess the impact any biases present may have on the operational use of satellite-
retrieved ash data. This will be achieved through the production of simulated radiances based on the method
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Table 1 of Millington et al. (2012). They show how simulated imagery could be used

A Priori Ash Cloud Properties and A Priori Uncertainties

Ash cloud property A priori value A priori uncertainty

Column loading (g m™?) ~3 20.0
Cloud top pressure (hPa) 600.0 750.0
Ash effective radius (pm) 3.5 10.0

Note. The a priori column loading is calculated for each of the size distri-
bution standard deviations (1.25-3.0 in 0.25 intervals) by dividing an optical
depth of 0.5 by the absorption coefficients of the SEVIRI 10.8 pm channel for
ash with a lognormal size distribution defined by the a priori effective radius
(3.5 pm) and the relevant standard deviation. This results in a priori column
loading values in the range of 2.76-4.30 g m™2.

to make a real-time like-for-like comparison between satellite data and
dispersion model data. This scheme is running operationally at the London
VAAC and can be used in near-real time in response to an ongoing eruption.
Simulated imagery has also been used previously to assess the performance of
ash detection and retrieval algorithms (Corradini et al., 2014; Kylling
et al., 2015; Piontek et al., 2021; Stevenson et al., 2015) and is useful because
it avoids the challenges of verifying the performance of ash retrievals with
real data. This is difficult due to the rarity of events and the lack of reliable and
accurate independent observations to verify against. In this paper, the use of
simulated radiances allows for an assessment of the performance of the
volcanic ash retrieval across a range of ash cloud properties where the truth is
known. We will show how awareness of biases present in the ash retrieval
could impact decision making when comparing satellite-retrieved data with
dispersion model output.

2. Background Information

To provide optimal quantitative and probabilistic ash cloud forecasts, it is imperative that we are able to constrain
the uncertainties associated with the data being used. Previous studies have explored the sensitivity of model

simulations to the driving data used, including the NWP and eruption source parameter (ESP) data, and

considered the uncertainty on the model output. Crawford et al. (2022) showed that significant differences in
predicted ash cloud area can occur when different meteorological ensemble members are used to drive the
dispersion model. Devenish et al. (2012) considered the sensitivity of dispersion model output to the represen-
tation of several key physical processes in the model source parameters, including the eruption plume height and

fraction of mass that remains within the distal ash cloud. They found that there was significant uncertainty in the

latter and suggested that this could be due to various factors, including aggregation and emission of material with

large grain sizes. Webster et al. (2012) found that their peak concentrations predicted by dispersion modeling
were within one and a half orders of magnitude of the observed peak concentrations. Beckett et al. (2015)
examined the sensitivity of the dispersion model output to the physical characteristics assigned to the ash; in

particular, the particle size distribution (PSD) used to initialize the model simulations. They found that knowledge

of the total grain size distribution (TGSD) is critical to reducing uncertainty in ash cloud dispersion forecasts.

Dioguardi et al. (2020) highlight how predicted peak concentrations can vary by a factor of 35 depending on the
method used to estimate the mass eruption rate (MER) and the observed plume height chosen.

The uncertainty on satellite-retrieved ash column loadings from TIR data was assessed by Gu et al. (2005) and
Stohl et al. (2011) based on the work of Wen and Rose (1994). Gu et al. (2005) suggest a slightly smaller un-
certainty of ~40%, with the assumption that the PSD and refractive index of the ash particles are known,
compared to 40%—60% suggested by Stohl et al. (2011). Based on the sensitivity analyses of Wen and Rose (1994)
and Gu et al. (2005), Prata and Prata (2012) suggest ash column loading uncertainties of 40%—50% associated with
measurement error, modeling assumptions, and knowledge of the parameters required in the radiative transfer
model. Western et al. (2015) investigated the sensitivity of retrieved column loadings to a variety of parameters
including refractive index, surface temperature, ash cloud top temperature, ash bulk density, and uncertainties
related to the spread of the ash particle size distribution, which they found to cause the largest uncertainty in the
retrieved mass from the Eyjafjallajokull ash cloud. Corradini et al. (2008) completed a sensitivity analysis on the
uncertainty in retrieved masses caused by uncertainty in surface temperature and emissivity, plume geometry
(altitude and thickness), ash type, and atmospheric water vapor and found an uncertainty of 40% on total mass
retrieval. Kylling et al. (2014) consider the effect of assuming spherical particles in the radiative transfer modeling

and find an increase in the uncertainty of ash retrieval mass of 40%-50%, with the assumption of spherical

particles resulting in an underestimation of ash mass. Prata et al. (2022) provide a detailed analysis of the sources
of uncertainty in retrieved ash column loadings and note the usefulness of pixel-scale uncertainty estimates in all
retrieved variables, which allow the data to be used in data assimilation schemes.

In addition to satellite data, there are also other types of observations that can be used to verify dispersion model

forecasts. Bonadonna et al. (2015) provide a comprehensive assessment of the uncertainties associated with
measuring the properties of tephra deposits and find significant uncertainty on the estimation of the MER and
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eruption duration. Turnbull et al. (2012) consider the aircraft observations made during the 2010 Eyjafjallajokull
eruption by Johnson et al. (2012) and Schumann et al. (2011) to suggest a factor of 2 uncertainty on aircraft
observed ash concentrations. Marenco et al. (2011) consider the airborne lidar observations that were completed
from the same aircraft as used in the Johnson et al. (2012) study and note the patchy and fractal nature of the
observed ash clouds. Ansmann et al. (2011) describe ground-based lidar and photometer measurements of vol-
canic ash during the 2010 Eyjafjallajokull eruption and note the high uncertainty within the retrieval scheme when
an unknown fraction of particles have radius >15 pm. Observations from the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) aboard the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations) satellite are described by Winker et al. (2012) who found an uncertainty of around a factor of five in
ash mass concentrations from the uncertainty in particle size distribution and composition.

Considering the vast amount of work on understanding uncertainties associated with volcanic ash modeling and
observations completed since the 2010 eruption of Eyjafjallajokull, there have been surprisingly few detailed
comparisons of ash estimates from different methods where the differences are analyzed in the context of un-
certainty estimates for each of the methods. It has been seen that dispersion model output and ground deposit data
will frequently indicate more ash mass than is observed in satellite, lidar, and aircraft data. Gudmundsson
et al. (2012) estimated that at least 70 Tg of ash <28 pum in diameter was released during the 2010 eruption of
Eyjafjallajokull based on tephra deposit data. They noted this was approximately an order of magnitude more
mass than Stohl et al. (2011) estimated had been released (8.3 £ 4.2 Tg) in particles in the size range of 2.8-28 pm
during the same eruption based on inversion of satellite retrievals. It is worth noting that both Gudmundsson
et al. (2012) and Stohl et al. (2011) referred to the mass of ash within a size range defined by diameter. We have
chosen to remain consistent with the use of diameter throughout this paper when referring to dispersion modeling
and ground deposit data, while using radius when referring to observation data including satellite, lidar, and
aircraft data. Corradini et al. (2011) found the area and total ash mass of volcanic clouds computed by the
FALL3D dispersion model were significantly greater than the MODIS (Moderate-resolution Imaging Spectro-
radiometer) retrieved data indicated for three example images from the October 2002 eruption of Mount Etna.
Marzano et al. (2018) suggested that the differences between ground deposit and TIR satellite-retrieved masses
are largely due to the lower sensitivity of TIR retrievals to larger particles. By considering microwave (MW) data
from the Advanced Technology Microwave Sounder (ATMS) they were able to derive similar mass estimates
from satellite data as the proximal ground deposit data showed for the 2015 Calbuco eruption. Freret-Lorgeril
et al. (2021) consider estimates for total erupted mass (TEM) and MER and show promising agreement be-
tween ground deposit data, near-source observation estimates, and satellite estimates when MW and TIR data are
combined for two events at Mount Etna. They note that each of the data sources are sensitive to different phases of
the eruption and the importance of considering this when estimating MER from TEM or TEM from MER.

The requirement for quantitative forecasts (ICAO, 2019) makes it more critical than ever to understand the
inconsistency of mass observed in tephra deposits with that observed by other methods including satellite data. To
accurately forecast the concentration of ash in the atmosphere both the MER and impact of near-source removal
processes, such as aggregation (e.g., Brown et al., 2012), gravitational instabilities (Carazzo & Jellinek, 2012;
Manzella et al., 2015), hydrometeor formation (Durant & Rose, 2009; Durant et al., 2008), particle-particle in-
teractions (Del Bello et al., 2017; Eychenne et al., 2015), and topography-induced perturbations to local wind
fields which can enhance sedimentation on the leeside of mountains (Eychenne et al., 2017; Poulidis et al., 2017;
Watt et al., 2015), must be constrained. Often the quoted uncertainties of observations used to constrain these
variables are provided within the sensitivity range of that observation and the uncertainty outside this is not fully
explored. In particular, TIR satellite retrievals are only sensitive to particles of <~10 pm in radius (Prata
et al., 2022; Stevenson et al., 2015; Wen & Rose, 1994). Limitations in the ability to observe the full range of
particles present is a concern for other observation methods with some methods for analyzing tephra deposits
unable to identify smaller particles (<~20 pm diameter) (Stevenson et al., 2015) and challenges observing larger
particles (>~50 pm diameter) with aircraft instrumentation (Turnbull et al., 2012). Kylling et al. (2015)
demonstrate a further limitation of satellite-retrieved data by showing the negative impact that meteorological
clouds can unsurprisingly have on the ability of satellites to detect and retrieve ash cloud properties.

Partially to correct for the discrepancies between TIR satellite data and dispersion model output, a scaling factor is
applied to the MER used to initialize NAME in the operational setup for the London VAAC (Beckett et al., 2020;
Webster et al., 2012), referred to as the distal fine ash fraction (DFAF). This computationally efficient approach is
based on the assumption that the dispersion model output is overestimating the ash column loadings in distal ash
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clouds because it does not represent near-source processes, which act to prematurely remove ash. In addition, only
the smallest ash (<100 pm in diameter) is considered in the modeling, as it is assumed that larger particles will be
quickly removed from the atmosphere given their sedimentation rate; Durant and Rose (2009) showed that
particles larger than a millimeter have a residence time of less than 30 min. Dioguardi et al. (2018) suggested that
particles coarser than 100 pm falling from an altitude of 20 km a.s.1. in a uniform 10 m s~ cross flow would travel
only few tens of km, excluding processes other than settling. Devenish et al. (2012) compared satellite-retrieved
(MSG—SEVIRI) and modeled ash column loadings in the Eyjafjallajokull 2010 distal ash cloud and estimated
the DFAF to be ~5%. This agreed with observations of ash clouds from eruptions of Spurr, El Chichén, Lascar,
and Hudson (Rose et al., 2000) and was consistent with other studies including Dacre et al. (2011) who found that
around 3% of the total mass remained in the distal cloud. A default DFAF of 5% is now applied in the operational
setup at the London VAAC, although there is an option to vary this parameter, as was done during the response to
the 2011 eruption of Grimsvotn. The ability to vary the DFAF is important as demonstrated by Gouhier
et al. (2019) who noted from combined satellite and field data of sustained eruptions that the DFAF can vary by
two orders of magnitude, which agreed with Mastin et al. (2009). Mastin et al. (2009) considered many studies
where the TGSD, and therefore DFAF, had been determined and found the DFAFs ranged by nearly two orders of
magnitude. They also considered the relationship between plume height and MER and found a fit that did not
differ significantly from that found by Sparks et al. (1997), or the theoretical studies which indicated plume height
should increase with the fourth root of MER and this is now often referred to as the Mastin relationship.

Although some studies indicate that a DFAF of 5% might be overestimating the proportion of ash reaching the
distal cloud, Cashman and Rust (2019) present a different view. They suggest that very small ash (<20 pm
diameter) is missing from the records of well-documented eruptions, including mapped deposits, eye-witness
accounts, satellite-based observations (where eruptions pre-date satellites or for particles <1 pm diameter),
and cryptotephra records. Further, considering the significant mismatch between the total mass estimated from
deposits and satellite retrievals for a number of well-studied events, using 5% of the total mass erupted to
represent the DFAF could be severely under-estimating the ash column loading in far-traveled volcanic clouds.
There is also a growing body of evidence which shows that particles with diameter >100 pm can travel significant
distances (e.g., Beckett et al., 2015; Cashman & Rust, 2019; Saxby et al., 2018; Stevenson et al., 2015; Watson
et al., 2016). Watson et al. (2016) found particles from the 1875 eruption of Askja (Iceland) with lengths of up to
190 pm in Northern Poland ~2,500 km from the vent, and Saxby et al. (2019) observed particles from an eruption
of Katla 12.1 ka BP (before present), also in Iceland, with a diameter of that of an equivalent sphere up to 191 pm
in Norway, more than 1,200 km from the vent. Further, Saxby et al. (2018) demonstrated that when the physical
characteristics of the ash are correctly represented (their shape and density) in the dispersion model, the obser-
vations of large ash (~100 pm) in the UK following the eruption of Eyjafjallajokull in 2010 can be accounted for.
Finally, it has now been shown that aggregation, rather than acting to preferentially remove ash from the at-
mosphere, can also raft particles to much further distances (Rossi et al., 2021). Constraining the DFAF is critical
for comparisons of satellite and dispersion model data as shown by Crawford et al. (2022). They noted the
variation in DFAF (from 1% to 50%), alongside other uncertainties in the method for estimating MER, as possible
explanations for the order of magnitude difference they found in the effective (distal) MER estimated using the
empirical Mastin relationship and a DFAF of 10%, to the effective (distal) MER estimated from satellite
observations.

3. Methods

The three following subsections describe the methods used in this paper. These describe in detail: the production
of volcanic ash simulated imagery; how the large data set produced was analyzed; and how the results from the
experiments were used to recompare satellite data and dispersion model output. The detection method is identical
to the current operational satellite volcanic ash detection method used at the London VAAC and described in
detail by Saint (2023). In brief, the method uses BTD and beta ratio thresholds in combination with some spatial
and geographical information in order to identify ash affected pixels. This is typically very effective for semi-
transparent ash clouds, but, as it is reliant on a spectral signal indicative of ash, is often unable to identify optically
thick ash clouds soon after an eruption or ash clouds with significant water content. The retrieval method is very
similar to the method described by Francis et al. (2012) and in Section 1. The only difference was the reduction of
the low-pressure hard limit from 50 to 1 hPa to ensure the retrieval could produce retrieved altitudes as high as the
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highest altitudes used in the simulated data set (up to 25 km). The hard limits are present to ensure the retrieval
does not produce unphysical values. Testing indicated the change had minimal influence on the results.

3.1. Production of Simulated Imagery

We use the method described by Millington et al. (2012) to produce simulated imagery, updated to use a more
generic data set. Typically, simulated imagery is produced by feeding NWP data and modeled ash concentration
data from a dispersion model such as NAME into a radiative transfer model such as RTTOV (Radiative Transfer
for TOVS: https://nwp-saf.eumetsat.int/site/software/rttov/) to simulate radiances. These simulated radiances
(produced by vertical 1D simulations with no horizontal variation for each simulated radiance) can then be
combined into images as the dispersion model data will have a spatially coherent ash cloud.

Simulated imagery can be very useful for forecast evaluation, both qualitatively by comparing the real and
simulated Dust RGB imagery (Figures 1a and 1c), and quantitatively by comparing the column loadings retrieved
from the real image with those retrieved from the simulated image (Figures 1b and 1d). Dust RGB imagery is
described in more detail by Francis et al. (2012). In an operational setting, it can be challenging to compare
satellite imagery with dispersion model output. Regions where the forecast ash concentrations produced by the
dispersion model do not align with the observations, and where there may be a forecast error that needs correcting,
can be difficult to identify. Even when dispersion model output is presented as column loadings rather than
concentrations, the limitations of the satellite-retrieved data can result in incorrect interpretation of the data. For
example, the dispersion model could indicate ash present in the same horizontal location as the satellite imagery,
but if the ash in the dispersion model output was at low altitude (<3 km) it may not be sufficient to produce the
signal seen in the satellite imagery. Simulated imagery helps to avoid errors in interpretation like this by pro-
ducing the expected satellite image given the dispersion model output and allowing a like-for-like comparison to
the real satellite image.

Our method was different to the typical production of simulated imagery in two main ways. First, the properties of
neighboring pixels are uncorrelated, so the position of each pixel in the final image has no implications for the
parameters modeled. Second, we inserted meteorological data from the “Diverse profile data sets from the
ECMWEF 137-level short-range forecasts” (Eresmaa & McNally, 2012) and inserted ash in specified amounts and
model levels rather than using NAME model output concentrations. Here, we will describe how the diverse
profile data set was reduced and then how the profiles were used. We will then describe how the ash data were
defined and the resulting range of ash cloud conditions that were simulated. Finally, we will describe the addition
of noise to the BTs, which is representative of the noise seen in real SEVIRI imagery due to the instrument.

3.1.1. Reduction of the Diverse Profile Data Set

To produce volcanic ash simulated imagery it is necessary to have complete knowledge of the model environment
in order to simulate not only the impact of the ash on the observed radiances, but also of any other atmospheric
constituents that may impact the observed BTs. We take only the full pressure, humidity, and temperature profiles
alongside the corresponding surface variables from the diverse profile data set, as the remaining data do not affect
the simulated radiances in the four TIR channels used in the detection and retrieval. We also fixed the latitude and
satellite zenith angle to 50° and 60°, respectively, as these also affect the simulated radiances. We chose not to
investigate the impact of altering the satellite zenith angle as the impact of the corresponding increase in path
length with satellite zenith angle is well understood (Gu et al., 2005). To simplify the analysis, meteorological
cloud was not simulated in this investigation so the only cloud impacting the radiances simulated was ash cloud.
RTTOV v13.0 was used in this paper, details for which can be found from the Science and Validation report for
v13 (Saunders et al., 2020).

In addition to selecting which parameters from the data set it was necessary to use, we decided to filter the data set
to remove a large number of the atmospheric profiles. The original data set has 25,000 profiles, including 5,000
profiles representing the variation in each of temperature, specific humidity, ozone mixing ratio, cloud con-
densates, and precipitation. For the 5,000 profiles representing the variation in temperature for example, the
profiles for the other variables are taken from the same time and location as the respective temperature profile.
Initially, only the 10,000 profiles which represented the variation in humidity and temperature were used. Further
studies into the impact of variables related to the presence of meteorological cloud would be encouraged. The
filtering then involved removing profiles where the meteorological cloud cover was greater than 10% or which
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Figure 1. (a) Dust RGB, (b) satellite-retrieved column loadings, (¢) Simulated Dust RGB, and (d) column loadings retrieved
from the simulated image at 1200UTC on 6 May 2010. The simulated imagery was produced using the NAME data shown in
Figure 9b and described in Section 3.3.

were not over ocean surfaces. By removing these profiles, we deliberately removed a large number of conditions
from the model data set that are known to be challenging for satellite volcanic ash detection and retrieval methods.
We did this to determine how the retrieval performs in what would be considered close to ideal conditions for
volcanic ash detection and retrieval methods. This filtering resulted in only 539 of the original 10,000 profiles
being used. The profiles retained were those over the ocean, containing less than 10% cloud and from the data sets
representing the variation in temperature and humidity.

3.1.2. Selection and Insertion of Ash Into Simulated Imagery

In the operational production of volcanic ash simulated imagery at the London VAAC and in the previous work by
Millington et al. (2012), realistic volcanic ash clouds are simulated based on NAME model output. We modeled
1D-columns of ash at an angle (satellite zenith angle) through the atmosphere by inserting ash into specific model
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Table 2
Range of Ash Cloud Properties Simulated Radiances Were Produced for

Ash cloud property Range of values

Column loading (g m™?) 0.1, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 12.5, 15.0, 17.5, 20.0, 25.0, 30.0,
40.0, 50.0, 75.0, 100.0

Cloud top altitude (m) 987, 1,600, 2,453, 3,564, 4,896, 6,341, 7,797, 9,256, 10,714, 12,190, 13,727, 15,329, 16,999,
18,756, 20,695, 22,918, 25,489

Ash median radius (um) 0.62,1.9,59,9.3,12.4,15.6

levels with concentrations such that the column loading was set at the values indicated in Table 2. Note that
RTTOV requires the number concentration of the aerosol being simulated. This was calculated from the mass
density and the mean mass per particle, which was determined from the particle size distribution. The radiative
properties of the aerosol being simulated were based on the particle size distribution (which was varied as
described in the following paragraph) and required the recalculation of RTTOV coefficients. For both the
calculation of the mean mass per particle and evaluation of the radiative properties, the particles were assumed to
be spherical. As the ash particles are assumed to be spherical both when simulating the radiances and within the
retrieval, this investigation does not further explore the behavior Kylling et al. (2014) observed that assuming
spherical particles when retrieving volcanic ash particles will result in underestimated column loadings.

There is a tool in RTTOV v13.0 that allows for the creation of new coefficients files when provided with
refractive indices, a particle size distribution and whether the aerosol species is hydrophilic. The general process
for simulating radiances in the presence of aerosols is described by Matricardi (2005). The tool requires a
refractive index data set and particle size distribution as inputs. The Mie properties, which describe the scattering
of light, are then computed using the refractive index interpolated to the channel wavenumber for each particle
size from a grid covering the desired particle size distribution. The final values can then be obtained by integrating
the computed properties over the size distribution. Using this tool, we created new coefficients files for five
further lognormal size distributions. Each of these had a geometric standard deviation of 1.85 and had median
radii in terms of mass as listed in Table 2. In each case we used the same Pollack et al. (1973) andesite refractive
indices data set used in the operational simulated imagery. Although interpolating the refractive index of ash
(represented by Pollack et al. (1973) andesite) to the central wavelength of the instrument channel (in this case
SEVIRI) is sufficient to account for the impact of ash reasonably accurately, this approach would not be accurate
enough for the gaseous absorbers. Therefore, when producing the simulated radiances for the MSG-2 SEVIRI
channels centered at 8.7, 10.8, 12.0, and 13.4 pm, RTTOV accounts for the spectral response functions of the
instrument within the gas absorption parameterization.

For each of these size distributions we tested a range of ash cloud heights (above ground level) and ash column
loadings, as given in Table 2. Ash cloud heights refer to the highest altitude model level the ash was placed in. For
each of these ash cloud heights the depth of the ash cloud was varied by placing ash in a varying number of levels
below the cloud top. The number of model levels containing ash were 1, 5, 10, 15, and 20, resulting in ash cloud
depths ranging from 97.16 to 8,490.07 m. The model levels referred to here are as defined by the ECMWF diverse
profile set (geometric altitudes of each level are provided in Table S1 in Supporting Information S1), and these are
used in both the production of the simulated radiances and the volcanic ash retrieval. Note that the model levels
become geometrically thicker with increasing height and the depths tested are therefore deeper at higher altitudes.
This range of data was selected with the intent of testing the volcanic ash detection and retrieval across the full
range they are sensitive to and to identify the limits of the sensitivity to each variable.

3.1.3. Addition of Instrument Noise

To ensure the results verifying the detection and retrievals performance with simulated imagery were as appli-
cable as possible to real imagery, we added noise to the simulated BTs. Observed radiances or BTs from a satellite
will always have an error associated with the measurement. This error can be averaged over a period of time and
separated into two parts: the instrument or channel noise and the instrument or channel bias (as both the noise and
bias will be different for each channel on an instrument). The bias is the difference from some reference truth
value, such as a more accurate observation, and the noise represents the random variation around this bias.
Typically, bias correction is used to remove the bias from the observation. Zero-mean stochastic Gaussian noise
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was added to our simulated BTs based on the noise values in the EUMETSAT “Typical Radiometric Noise,
Calibration Bias and Stability for Meteosat-8, -9, -10, and -11 SEVIRI” document (https://www-cdn.eumetsat.int/
files/2020-04/pdf_typ_radiomet_acc_msg-1-2.pdf). Here, we use zero-mean Gaussian noise, implicitly assuming
the radiance bias correction to be optimal. Assuming no bias correction and using the channel bias data from the
EUMETSAT “Typical Radiometric Noise, Calibration Bias and Stability for Meteosat-8, -9, -10, and -11
SEVIRI” document would have resulted in us assessing the impact of a bias that will be mostly accounted for in
the real observations by the bias correction. The noise was added to all four channels used in the Francis
et al. (2012) automated detection and retrieval algorithms, which are the 8.7 (detection only), 10.8, 12.0, and
13.4 pm (retrieval only) channels.

3.1.4. Production of Simulated “Imagery”

For each of the ash cloud properties described in Section 3.1.2, imagery was produced using the 539 model
profiles, one profile for each NWP model grid box (re-gridded to a 17 km horizontal resolution). As each grid box
covers the area of multiple image pixels (3 km horizontal resolution at the sub satellite point), there were 13,871
image pixels containing ash, each with one of the 539 model profile data sets and with independent stochastic
noise added as described in Section 3.1.3. As the operational detection, retrieval, and simulated imagery have
been designed to work with and produce images, producing pseudo-images by arranging the model profiles in
neighboring grid boxes significantly simplified the processing required by allowing all of the model profiles to be
tested simultaneously for each of the ash cloud conditions. Examples of this imagery can be seen in Figure 2,
although it should be noted that this imagery is merely illustrative of the impact of changing model data and
instrument noise on both the simulated radiances and retrieved parameters. Upon close inspection, particularly of
Figure 2c, the 539 NWP model grid boxes can be identified by the similar retrieved data with some variation
within these noticeable due to the different instrument noise applied to each pixel within.

3.2. Method of Analysis of Satellite Retrieval Data

The volume of information produced in this investigation was significant because ash clouds of five different
depths were created with every possible combination of ash cloud height, ash column loading, and particle size
distribution (Table 2). As a result, 11,730 individual runs with unique ash cloud properties were completed.
Figure 2 shows the (a) Dust RGB along with (b) the automated volcanic ash confidence product described by
Saint (2023) and the retrieved (c) height, (d) loading and (e) effective radius for one of these runs. The location of
each of the pixels is identical when the radiances are simulated and the retrieval is run. Therefore, in total, the
experiments produced 13,871 x 11,730 = 162,706,830 data points that could be analyzed. However, we were not
focused on the impact of the instrument noise or the variation in meteorological conditions. As a result, the
variation in retrieved properties for the 11,730 different ash cloud conditions was the primary feature of focus for
this analysis.

Histograms were plotted for the retrieved variables from each image pixel for each of these unique ash cloud
conditions (e.g., in Figure 3), and the skewed nature of some of these indicated that it may be useful to take both
the mean and mode of the data. In many cases the data were likely to be skewed due to the mode being close to
zero and the inability to have negative values. The variation in retrieved values seen across the histograms is
primarily driven by differences in the NWP model profiles across the model cells, but some variation driven by
the noise applied to the image pixels is also present. The mean, mode, standard deviation, and retrieval success of
the pixel values in each “image” were used to summarize statistically each of the 11,730 images. The value
described as the mode is found by taking the central point of the modal bin in the histograms, which have bin
widths of 0.1 g m™2, 150 m, and 0.06 pm for the ash column loading, ash cloud height, and ash effective radius.
These bin spacings allow for a good estimate of the maximum of the probability density function to be found by
being narrow while ensuring a sufficient number of data points within each bin. The retrieval success percentage
indicates the percentage of pixels that the detection successfully marked as ash and that the retrieval then pro-
duced a solution with a low enough cost for. The maximum acceptable cost is set to 12, which was empirically
found to be a reasonable upper limit for good quality retrievals, and only retrievals with a cost lower than this can
be seen in Figure 3. It is important to note that this does not necessarily mean that the retrieved data are accurate.
The mean, mode, standard deviation, and retrieval success data from each histogram were then further reduced by
averaging across more variables, including all of the depths tested and all of the size distributions tested. The
results of this are shown and discussed in Section 4.
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Figure 2. Example images of the simulated ash cloud (produced assuming a median radius of 1.9 pm, 3 g m~2 column loading, 4,896 m cloud top height with one model
level depth): (a) Dust RGB and, cropped to highlight the region containing ash, (b) volcanic ash confidence, retrieved (c) height, (d) loading and (e) effective radius. The
ash clouds look spotty primarily due to the different model data (from the diverse profile data set) used in each model cell and the resulting impact on the detection and
retrieval. Smaller variations within each model cell can be seen from the different instrument noise applied in each pixel.
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Figure 3. Examples of retrieved data plotted in histograms with relevant statistical data evaluated (including the mode which
may differ from the mean significantly). Plots show retrieved (a) loading and (b) height for a simulated ash cloud with a
median radius of 1.9 pm, 3 g m~2 column loading, and 4,896 m cloud top height with one model level depth.

3.3. Comparison to Dispersion Model Output

We assess the differences between NAME modeled and satellite-retrieved ash column loadings in the ash cloud
from the eruption of Eyjafjallajokull volcano in Iceland (14 April to 23 May 2010). This is achieved by first
comparing the total mass in NAME output with the total satellite-retrieved mass and then successively removing
ash the satellite may not be sensitive to from the NAME output and repeating the comparison with the total
satellite-retrieved mass. Model particles are advected by 4D wind fields; for this study, we use analysis data from
the Global configuration of the Met Office's Unified Model (UM; Davies et al., 2005). Small-scale three-
dimensional atmospheric turbulence and unresolved mesoscale motions are parameterized using random walk
techniques (Webster et al., 2018), and parameterizations of sedimentation, dry deposition, and wet deposition are
used to simulate the removal of volcanic ash from the atmosphere (Webster & Thomson, 2011).

NAME simulations use a set of source parameters which represent the changing eruption conditions through time.
Model particles, each representing a mass of volcanic ash, are released as a vertical line source with a uniform
distribution between the vent (1,666 m asl) and the plume top height. We used the software tool REFIR (Realtime
Eruption source parameters FutureVolc Information and Reconnaissance system; Diirig et al., 2018) to constrain
the time series of the plume top height and its uncertainty due to the radar type and its distance from the target. We
used plume height data from the C-band ground-based radar of Keflavik airport (Arason et al., 2011) averaged
over 1 hr; the plume top height uncertainty was estimated to be +1.2 km (Dioguardi et al., 2020). The temporally
varying MER was then obtained using the six 0-D buoyant plume models implemented in REFIR (four non wind-
affected: Wilson and Walker (1987), Sparks et al. (1997), Mastin et al. (2009), and Gudmundsson et al. (2012);
two wind-affected: Degruyter and Bonadonna (2012), and Woodhouse et al. (2013)), to obtain the best estimate of
MER and related uncertainty. We consider three different solutions: (Hmin, MERmin), (Havg, MERavg), (Hmax,
MERmax) as outlined in Dioguardi et al. (2020). REFIR allows assigning different weights to the six models, and
the fine tuning of wind entrainment coefficients (Diirig, Gudmundsson, et al., 2023; Diirig, Schmidt, et al., 2023).
In this study, each model was equally weighted, and the wind entrainment coefficient for Degruyter and
Bonadonna (2012) was set to the default value of 0.5. The TGSD of the 2010 Eyjafjallajokull ash (Bonadonna
et al., 2011), with diameters ranging from 0.1 pm to 8 mm (Table S2 in Supporting Information S1), was applied
to the total mass released, where ~50% of the mass is assigned to particles with diameters <100 pm, and the
DFAF scaling was not applied. Particles are assumed to be spherical with a density of 2,300 kg m™ (Beckett
et al., 2015).

4. Results

The results are separated into two sections: first we will describe the results of the simulated imagery experiments
and the resulting conclusions about the sensitivity of the volcanic ash retrieval to ash cloud properties. We will
then discuss how this impacts the comparison of satellite-retrieved data, in particular satellite-retrieved ash
column loadings, with NAME dispersion model output.
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Figure 4. (a) Retrieval success and (c) average retrieved ash cloud height against input ash cloud top height and (b) retrieval
success and (d) average retrieved column loading against input column loading for each size distribution labeled by median
radius in pm. The retrieval success percentage indicates the percentage of pixels that the detection successfully marked as ash
and the retrieval then retrieved a low enough cost solution to deem it successful. The average in (c) and (d) has been
calculated by taking the mean of the modes for each set of ash cloud properties (height, depth, and column loading) weighted
by retrieval success for given ash cloud properties. The optimum truth line is added to (c) and (d) in green and a line
indicating the approximate altitude of the a priori height (~4.2 km as inferred from the a priori pressure for each model
profile) used in the retrieval is shown in blue in (c).

4.1. Simulated Imagery Results

Figure 4a shows the retrieval success averaged across all depths and loadings for each size distribution for all
points with a given ash cloud height. Similarly, Figure 4b shows the retrieval success averaged across all depths
and heights for each size distribution for all points with a given ash column loading. Averaging in this way allows
the impact of ash cloud height (a) and ash column loading (b) on retrieval success to be assessed individually,
alongside how these dependencies vary with the size of the ash. It does not mean the retrieval success is inde-
pendent of the variables being averaged over. It is also worth noting that the exact percentages on this graph are
dependent on the data set being tested and as such it is more valuable to consider the differences in retrieval
success as each variable changes on a given graph rather than the specific values. For example, the retrieval
success at 9,000 m for the size distribution with a mass median of 1.9 pm (green crosses) is around 85%. The
reason this is not closer to 100% is not necessarily a lack of sensitivity to the detection and retrieval of ash at this
height, but an indication that there are a number of high and low column loadings that the detection and retrieval
are not sensitive to at all heights. It is therefore more useful to say that the detection and retrieval are more
sensitive to ash at 9,000 m than 2,000 m for example.

In Figures 4a and 4b, we can see that the retrieval success is close to zero for all heights and loadings for the two
largest size distributions (those with median radius in terms of mass of 12.4 and 15.6 pm). As a result, some of the
crosses for each are not visible where they overlap. For the 4 distributions with the smallest particle sizes,
Figure 4a shows that the retrieval success, and therefore the sensitivity of the detection and retrieval, peaks around
4-12 km with a secondary peak at around 25 km in the stratosphere. This is expected as ash clouds below 4 km
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will have temperatures closer to that of the surface so the BTD will not always be significant enough to allow for
detection. The dip around the tropopause and lower stratosphere may be caused by optically thick ash clouds at
these heights resulting in very cold BTs which are difficult for the retrieval to fit.

If the additional noise added to each pixel results in a colder BT than is present in the model profile, it may not be
possible for the retrieval to reproduce this with any ash cloud properties. Only optically thick clouds with higher
column loadings lead to the coldest simulated BTs that are difficult for the retrieval to fit. Thinner ash clouds
around the tropopause result in warmer BTs that are easier to fit as there is more contribution from the surface than
for the optically thicker clouds. In addition, the background cost of retrievals near the tropopause is larger due to
the increased distance from the a priori height (~4.2 km), which is in the mid to lower troposphere. It is worth
noting that the a priori height referred to here is not used within the retrieval methodology but is simply the height
that the a priori pressure (600 hPa) approximately refers to. The exact value of the a priori height is dependent on
the pressure profile and will therefore vary slightly for each of the pressure profiles used from the diverse profiles
data set described in Section 3.1. The total cost is made up of the sum of the observation cost (the difference
between the observed radiances and simulated radiances for the retrieved parameters) and the background cost
(the difference between the retrieved parameters and the a priori parameters). The a priori ash cloud height is at
~4.2 km so when the retrieved height is significantly above this the background cost will increase. This means the
maximum acceptable cost in the retrieval is more likely to be exceeded. As the temperature begins to increase
again in the upper stratosphere, the retrieval tends to misplace the ash lower in the upper troposphere and this
reduces the cost by bringing the retrieved height closer to the a priori than it would be at the tropopause. This
increases the chance of the retrieval being successful.

In Figure 4b, we can see that the retrieval is most sensitive to column loadings between 0.5 and 20 g m~>. This is
largely as expected as the retrieval is reliant on a semitransparent ash cloud, and therefore clouds that are too
optically thick or thin are challenging to detect and retrieve properties for. It is worth noting that the column
loadings that the detection and retrieval are most sensitive to are strongly dependent on the size distribution. It can
be seen in Figure 4b that the peak of sensitivity moves to higher column loadings as the size of the particles
present increases. In fact, calculating the absorption coefficients for each of the size distributions shows that the
column loadings where the retrieval success peaks for each distribution corresponds to an optical depth around 1.
This is an interesting result, as it shows the retrieval is most strongly dependent on the height and optical depth of
the ash. Much of the impact of changing size distribution or column loading is through how it impacts the optical
depth.

However, it is worth noting that there is reduced sensitivity as the number of large particles increases in addition
to the sensitivity peak moving to higher column loadings. This is because of the reduced difference in extinction
between 10.8 and 12.0 um as the number of larger particles increases. When the particle size is similar to or larger
than the wavelength of the incident light Mie scattering occurs, preferentially scattering light forward and
reducing the difference in extinction between 10.8 and 12.0 pm. In contrast, the retrieval shows good sensitivity to
very high column loadings, even greater than 50 g m~2, for the smallest size distribution (mass median radius of
0.62 pm). It is also interesting to note that the way the peak in sensitivity moves to higher column loadings as the
number of larger particles increases is actually favorable for detecting ash clouds soon after an eruption, when
both column loadings and the number of large particles present are higher.

Figure 4c shows the average retrieved ash cloud height against the true ash cloud height averaged over all depths
and column loadings for each size distribution. Note that the average in (c) and (d) has been calculated by taking
the mean of the modes for each set of ash cloud properties (height, depth, and column loading) weighted by
retrieval success for given ash cloud properties. The retrieval is fairly accurate for the four smallest size distri-
butions between 3 and 12 km but is unable to consistently discriminate heights above and below this. This is
partially as expected as the impact of the stratosphere warming with height and the a priori height being in the
troposphere is that the retrieval prefers a solution at or below the tropopause. As such, one might expect retrieved
heights to reduce as the true height increases in the stratosphere as the retrieval places the ash at a location in the
troposphere where the temperature is the same. Further investigation revealed that this did indeed occur for in-
dividual column loadings but is not visible in Figure 4c due to averaging over successful retrievals with retrieval
success varying with both column loading and ash cloud height. The dip in retrieval success around the tropo-
pause (between 12 and 20 km) in Figure 4a is primarily caused by reduced retrieval success of higher column
loadings at these heights. As higher column loadings generally result in higher retrieved heights, as optically thick
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Figure 5. (a) Average (calculated as in Figure 4d) and (b) mean retrieved column loading against input column loading
between 0 and 10 g m~? for each size distribution labeled by median radius in pm. The green line shows where the optimal
truth would lie.

clouds have less surface contribution and therefore retrieving heights significantly below the cloud height is
unlikely, the average retrieved height in Figure 4c is effectively lowered around the tropopause by the dependence
on the retrieval success. The region of sensitivity appears greatly reduced for the two largest size distributions
(mass median radius equal to 12.4 and 15.6 pm), but this is based on a very limited number of successful retrievals
as can be seen in Figures 4a and 4b. It is unclear why the retrieval appears to show reduced sensitivity to the true
height below 3 km, but it is possible that low-level temperature inversions and the corresponding selection of
profiles that allow successful detections may contribute to this, although a more detailed investigation of this is
beyond the scope of the current paper.

Figure 4d shows the average retrieved ash column loading against the true ash column loading averaged over all
depths and heights for each size distribution. The sensitivity to ash column loadings is restricted to column
loadings less than around 10 g m™2. As none of the average retrieved column loading values are greater than this,
we have clipped the y-axis at 10 g m™2 Above this true column loading, retrieved column loadings are
increasingly underestimated. Figure 5 shows the (a) average (as calculated in Figure 4d) and (b) mean retrieved
ash column loading against the true ash column loading averaged over all depths and heights for each size dis-
tribution for column loadings less than 10 g m™2. This shows that for the largest five distributions the retrieval has
good accuracy for column loadings below 2—6 g m™2, with the distribution with a mass median of 5.9 pm showing
good accuracy over the largest range of column loadings. For the smallest size distribution (blue crosses rep-
resenting a mass median radius of 0.62 pum), there is little retrieval accuracy above ~5 g m~> as with the other
distributions. However, the retrieved column loading is also overestimated below this value for this distribution.
The skewed nature of the distributions means that this overestimation appears more significant in the mean plot in
Figure 5b. Although this overestimation is less significant for the other distributions, it is still present. This may be
due to the a priori column loading being larger than most of these values (~3 g m™2) and the retrieval therefore
favoring higher column loadings, but investigating this further is beyond the scope of this study.

Figure 6a shows boxplots of the retrieval success against the true ash effective radius. The retrieval success
reduces fairly steadily as the ash effective radius increases until it is very close to zero at and above 10 pm. This is
in line with expectations due to the reducing spectral dependence of extinction as the size of the particles increases
and also in line with previous results (Prata et al., 2022; Stevenson et al., 2015; Wen & Rose, 1994). The large
spread in the boxplots demonstrates that for some ash cloud properties (ash column loading, ash cloud height, and
ash cloud depth) with effective radii <10 pm, the retrieval success can be very large, whereas for ash clouds with
different properties it can be very low. For the size distributions with effective radii <2 pm, the median retrieval
success is very high, which indicates that for most of the ash cloud properties tested the retrieval success is very
high for these smaller particles. Similarly, for the size distribution with an effective radii close to 8 pm the median
retrieval success is very low, indicating that for most of the ash cloud properties tested the retrieval success is very
low for an ash cloud with this particle size distribution. Figure 6b shows the retrieval slightly overestimates ash
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Figure 6. (a) Boxplot showing the maximum and minimum (whiskers), 25th and 75th percentile (box limits), mean (red line),
and median (blue line) retrieval success for each of the unique ash cloud properties (ash column loading, ash cloud height,
and ash cloud depth) against input effective radius, and (b) boxplot showing the 5th and 95th percentile (whiskers), 25th and
75th percentile (box limits), mean (red line) and median (blue line) retrieved effective radius for all simulations against input
effective radius. In (b), the optimal truth line is plotted in light blue.

effective radius for small radii (<~2 pm) and underestimates ash effective radius for large radii (>~7 pm). Again,
this is likely due to the a priori state vector. In many cases, similar radiances to the truth can be achieved by
moving each of the retrieved variables slightly from their a priori values. This may be lower cost than moving just
one of the retrieved variables far from its a priori value and therefore favored by the retrieval. However, for the
two largest size distributions the retrieval success is very low (Figure 6a) so care should be taken when drawing
conclusions from the retrieved data for the distributions with effective radii >10 pm.

Figure 7a shows boxplots of the retrieval success against ash cloud height for all the simulations. We can see from
the mean in Figure 7a that the retrieval sensitivity is good above about 2.5 km and peaks in the mid and upper
troposphere (between 5 and 13 km). The retrieval sensitivity can also be seen to increase higher in the stratosphere
(>17 km). Figure 7b shows boxplots of the retrieval success against ash column loading for all the simulations,
and the mean demonstrates that the retrieval has good sensitivity between 0.25 g m™~ and 40 g¢ m 2. Note in this
case “good sensitivity” is defined as the mean being greater than 20% in Figures 7a and 7b, but as noted pre-
viously, the dependence of the percentages on the chosen data set means the threshold for good sensitivity is quite
subjective. The large spread in the box and whiskers indicates the importance of considering all of the ash
properties to understand whether the satellite detection and retrieval are likely to be sensitive to a given ash cloud.
For example, for all but the lowest ash cloud heights, the retrieval success can vary from 0% to 100%, indicating
that the other ash cloud properties would need to be considered to determine whether the satellite detection and
retrieval would likely be successful. This is a large part of the reason why precisely defining single thresholds for
the sensitivity of satellite-retrieved ash data to different ash cloud properties is not possible. Figure 7c confirms
that the retrieval can accurately retrieve heights between 4 and 12 km but is unable to consistently discriminate
heights above and below this. The boxplot whiskers also show that the retrieval does not retrieve heights in the
stratosphere with significant frequency. Figure 7d demonstrates the increasing underestimation in retrieved
column loadings as the true column loading increases. Plotting on a logarithmic scale also demonstrates the
overestimation in retrieved column loadings for low column loadings. The boxplot whiskers show that the

retrieval can produce values as low as 0.4 g m™> and as high as 30 g m™2.

Figure 8 demonstrates the impact changing the depth of the simulated ash cloud has on the retrieval. Figure 8a
shows boxplots of the retrieval success against the ash cloud depth. Each boxplot includes data for all ash cloud
properties simulated with ash present in the number of model levels given by the value in the x-axis. As model
levels become deeper with increasing altitude, this was considered the best way to separate the impact of
increasing depth from the impact of increasing altitude. There is only a very weak trend of increasing sensitivity of
the retrieval as the depth of the ash cloud increases. This is true for the mean, median, and spread seen in the
boxplots, indicating that the retrieval success is much more strongly dependent on the other ash cloud properties.
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Figure 7. Boxplots showing the 5th and 95th percentile (whiskers), 25th and 75th percentile (box limits), mean (red line) and
median (blue line) retrieval success for each of the unique ash cloud properties against (a) input ash cloud height and against
(b) input ash column loading. In (a), the boxplot shows the data from the simulations of all of the column loadings, size
distributions, and depths (described in Section 3.1.2), and in (b), the boxplot shows the data from the simulations of all of the
heights, size distributions, and depths. Boxplots showing the 5th and 95th percentile (whiskers), 25th and 75th percentile
(box limits), mean (red line) and median (blue line) retrieved ash (c) cloud height and (d) column loading for all simulations.
The optimum truth line is added to (c) and (d) in light blue and a line indicating the approximate altitude of the a priori height
used in the retrieval is shown in orange in (c).

Figure 8b shows the retrieved ash cloud height against true ash cloud height for each of the depths tested at
7 g m™? for our default size distribution (mass median radius of 1.9 um). For each of the depths the retrieval is
fairly accurate between 4 and 16 km, with retrieved heights overestimated below this and increasingly under-
estimated above this. Throughout the mid and upper troposphere, the deeper the ash cloud is the lower the
retrieved height. This is expected as the deeper clouds will have more ash at lower heights and therefore warmer
temperatures, so the overall BT of the cloud will be higher and the retrieval will find a height from lower within
the cloud. Whereas in the stratosphere, this effect is largely flipped with thinner ash clouds being retrieved as
lower altitude. Again, this is expected as increasing the depth in the stratosphere places more ash lower where it is
cooler and therefore reduces the overall BT making it effectively appear to be higher in the troposphere to the
retrieval. Figure 8b also shows the expected reduction in retrieved heights with increasing input heights in the
stratosphere that was not visible in Figures 4 and 7¢ due to the averaging and impact of retrieval success varying
with column loading. This behavior is also present for other column loadings and size distributions tested but is
illustrated most clearly by the properties used in Figure 8b.

4.2. Comparison to Dispersion Model Output

We now compare NAME modeled and MSG-SEVIRI satellite-retrieved ash column loadings of the ash cloud
from the eruption of Eyjafjallajokull (Iceland) in 2010. We consider the implications of applying the identified
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Figure 8. (a) Boxplot showing the 5th and 95th percentile (whiskers), 25th and 75th percentile (box limits), mean (red line)
and median (blue line) retrieval success for each of the unique ash cloud properties (ash column loading, ash cloud height,
and particle size distribution) against depth and (b) an example plot of the mode retrieved height against input ash cloud top
height for each ash cloud depth (for a column loading of 7 g m™ and for the size distribution with a median radius of 1.9 pm).
The legend indicates the relative depth of the ash cloud by showing the number of model levels containing ash for each point.
The optimum truth line is added to (b) in blue and a line indicating the approximate altitude of the a priori height used in the
retrieval is shown in orange.

limitations of the satellite retrieval to the modeled output for the comparison. To assess the sensitivity, the
limitations are applied in a binary method, where it is assumed that ash that the satellite detection and retrieval are
less sensitive to will never be successfully detected and retrieved, and that ash that the detection and retrieval are
more sensitive to will always be successfully detected and retrieved. We use our judgment to analyze our results
from Section 4.1 and identify the specific values of particle size, column loading, and height where we would
consider the satellite retrieval to be insensitive in the comparisons shown in Figures 9-11. The NAME output is
therefore altered by the removal of the ash the satellite detection and retrieval are less sensitive to.

Figure 9 compares the satellite-retrieved ash column loadings to NAME modeled ash column loadings on 6 May
2010 at 12:00 UTC. Here, the satellite data has been included primarily to provide spatial context to the NAME
extents and the color scale has been chosen to illustrate the changes in NAME extent as the restrictions are
applied. In Figure 9b, the NAME model output is generated using the ESPs outlined in Section 3.3 and the
temporally varying plume top height and MER from REFIR (HAvg, MERAvg). The total mass in the atmosphere
is predicted to be 2.27 x 10° kg, which is 7.8 times greater than the total mass retrieved by the satellite
(2.90 x 10® kg). Note that, for Figures 9—11, the total mass in the satellite-retrieved data only includes mass at
latitude >30° and —50° < longitude <10° to not include mass from any pixels far from the ash cloud which have
been falsely marked as containing ash by the detection algorithm.

When the identified limitations associated with the satellite data are applied to the NAME output, the total
modeled mass is reduced and more closely matches the satellite retrieval. However, the intention of this com-
parison is not to achieve a better match between the satellite-retrieved and NAME model output total masses. It is
to allow us to analyze how significant the impact of the limitations of the satellite data on our interpretation of the
event is. Although it is interesting to note that for this case a better match to the satellite-retrieved total mass is
found once all of the restrictions have been applied. The spatial extent of the ash cloud is also reduced in better
agreement with the satellite data. In Figure 9c, we only consider NAME modeled ash column loadings associated
with particles with diameter <16 pm, and this reduces the total modeled mass in the atmosphere to 1.64 x 10° kg,
72% of the original mass. The spatial extent is largely unchanged due to this restriction, although the 10 g m™>
contour is reduced in area, indicating that most of the larger modeled particles remaining in the atmosphere in (b)
were in the near-source region as one might expect. In Figure 9d, we only include the mass from particles with
diameter of <16 pm and at altitudes of >3 km, and this further reduces the total modeled mass to 4.01 X 108 kg,
18% of the original mass. For this case, this restriction was the most significant for both reducing the total mass
and spatial extent of the NAME data. This indicates that most of the mass in the NAME output is below 3 km,
particularly further from the source where particles would have had the most time to descend. Finally, in
Figure 9e, we apply the preceding restrictions to the NAME data and in addition only consider ash column
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loadings which are >0.5 g m~>, and when modeled ash column loadings are >7 g m™2, the value is limited to
7 g m™2 to reflect the fact that the satellite retrievals are saturated above these loadings. This reduces the total
modeled mass to 3.35 x 108 kg, 15% of the original mass. In this specific case, this restriction is not very impactful
on either the total mass or the extent of the NAME data as, following the application of the preceding restrictions,
there is not a significant number of column loadings above 7 g m™> or below 0.5 g m™2. Figure S1 in Supporting
Information S1 shows how the distribution of the modeled mass compares to the satellite retrieval, as the
identified limitations of the satellite retrievals are applied the distribution of mass is confined to a narrower range
of column loadings in better agreement with the satellite-retrieved distribution. After applying all the restrictions,
the total mass in the NAME output more closely matches the satellite output with 87% of the NAME mass now
represented by the satellite retrieval.

Figure 10 shows a time series of total mass in the NAME output with no restrictions with each of the restrictions
applied as in Figures 9c—9e, and the total mass in the satellite-retrieved data at 12:00 UTC from 6 May 2010 to 14
May 2010. On each day, the total mass in the satellite-retrieved data is less than the total mass in the NAME output
with no restrictions applied. For all days except 6 May 2010, the total mass in the satellite-retrieved data is higher
than the total mass in the NAME data with all of the restrictions applied. For this phase of the 2010 Eyjafjal-
lajokull eruption, applying the vertical limiting rule, which removes mass below 3 km altitude, is the most im-
pactful in reducing the total mass in the NAME output. Each stage of applying the restrictions removes significant
mass from the NAME output.

It is important to recognize the uncertainties associated with the source terms used by the NAME simulations, in
particular the plume height and MER, which can significantly impact the predicted downwind ash column
loadings in the atmosphere. Figure 11 shows the NAME predicted ash column loadings when (Hmax, MERmax)
and (Hmin, MERmin) output from REFIR are used alongside the satellite data (a) as in Figure 9. Using (Hmax,
MERmax) the predicted total mass in the atmosphere at 12:00 UTC on 6 May is 3.51 x 10° kg, which is 12.1 times
greater than the satellite-retrieved mass (Figure 11b). This is reduced to 4.69 x 10% kg when the identified satellite
data limitations are applied, and as such 62% of the modeled mass is now represented by the satellite-retrieved
mass (Figure 11c). When (Hmin, MERmin) are used, the total modeled mass in the atmosphere is reduced and
is 3.0 times more than the satellite retrieval, and when all the limitations of the satellite retrieval are applied, the
modeled total mass is just 1.26 x 10® kg and is underestimating the mass in the atmosphere by a factor of 2.3
compared to the observations.

5. Discussion

We have shown that simulated imagery can be used to assess the performance and sensitivity of the volcanic ash
detection and retrieval. Although there are differences between simulated and real imagery, the benefit of
knowing the truth in the verification data set vastly outweighs this limitation when using simulated volcanic ash
imagery. Despite this, investigations into the sensitivity of the results to the method of simulating the radiances,
including the radiative transfer model used and assumptions about the ash composition, would be valuable.
Millington et al. (2012) discuss the sensitivity of the simulated BTDs to the composition assumed and show
notable differences in Dust RGB imagery when the refractive indices for volcanic dust (Volz, 1973), andesite ash
(Pollack et al., 1973), obsidian (rhyolite) ash (Pollack et al., 1973), and desert dust with 0.9% hematite (Balkanski
etal., 2007) are assumed. Although we would expect significant quantitative differences in our results were we to
repeat the investigation with a different assumed composition in the production of the simulated radiances, in
particular with a different composition than that assumed within the retrieval, we would expect qualitatively
similar results.

The results shown in this paper are strictly only applicable to the Francis et al. (2012) retrieval scheme applied to
MSG-SEVIRI data. However, given the intrinsic limitations of the spectral data, other similar retrieval schemes
using TIR wavelengths are likely to show results that are at least qualitatively similar. Nonetheless, running

Figure 9. (a) Satellite-retrieved and (b, c, d, and e) NAME modeled ash column loadings for 12:00 UTC on 6 May 2010. NAME simulations are initialized using the
temporally varying average plume top height and MER generated from REFIR. Figure (b) shows the raw NAME output, the subsequent figures show the NAME output
corrected to align with the identified satellite limitations: (c) only particles with diameter <16 pm are included, (d) in addition only the particles residing at altitudes
>3 km are included, and (e) the model output is further limited to only include ash column loadings >0.5 g m~2 and where ash column loadings are >7 g m~> they are

limited to 7 g m

-2
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Figure 10. Time series comparing the total mass in the satellite-retrieved data with the total mass in the NAME output with no
restrictions applied, and with each of the restrictions as applied in Figures 9c—9e at 12:00 UTC from 6 May 2010 to 14 May
2010.

different detection and retrieval schemes on the simulated data set would be encouraged, as well as testing im-
provements to this scheme with the data set. Using the same retrieval scheme, Stevenson et al. (2015) found a
similar leveling off in retrieved radius above 5 um. Piontek et al. (2021) found qualitatively similar results to our
retrieved loading results with retrieved optical depth overestimated at low optical depths (column loadings) and
retrieved optical depth underestimated at high optical depths. Additionally, investigations into the impact of
meteorological cloud and varied land surfaces would be encouraged. Similar investigations to understand the
performance of retrieval methods on different instruments (e.g., MODIS, VIIRS (Visible/Infrared Imager
Radiometer Suite), ABI (Advanced Baseline Imager), and AHI (Advanced Himawari Imager)) would also be
useful. Differences in performance stemming from differences in the instruments spectral response functions are
difficult to predict, although sensitivity to lower column loadings would be expected to increase for instruments
with higher spatial resolution. Using simulated imagery, we have been able to both confirm and constrain a
number of previously known limitations for the detection and retrieval of volcanic ash at TIR wavelengths. In
particular, we can see from Figures 6a, 7a, and 7b that we would not expect the satellite retrieval to be sensitive to
ash below ~3 km, below ~0.25 g m™>, and above ~40 g m~> and for particles larger than ~10 pm in radius.

When using the results from Section 4.1 to compare dispersion model output and satellite-retrieved data, we used
a binary approach to apply the satellite retrieval limitations to the NAME model output. Although a more so-
phisticated approach, which considers the probability of ash being detected, would be preferred, this approach
indicates how much of the mass that the satellite retrieval may be insensitive to is present in the NAME output.
Similar approaches, where selected portions of the model mass were removed from comparisons with satellite
data, have been used in the past including Crawford et al. (2016) who did not consider modeled mass below 2 km
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Figure 11. (a) Satellite-retrieved ash column loadings and the NAME modeled ash column loadings for 12:00 UTC on 6 May
2010 generated using (HMax, MERMax) (b) with no retrieval limitations and (c) with all identified satellite retrieval
limitations applied to the model data, and using (HMin, MERMin) (d) with no retrieval limitations and (e) with all identified
satellite retrieval limitations applied to the model data.
and only considered modeled loadings >0.1 g m™> to be consistent with the satellite detection identifying ash
affected pixels. Crawford et al. (2022) note the importance of correcting any biases in the observations before
comparing these to the modeled column loadings.
Our findings suggest that a significant proportion of the total mass in the dispersion model output can lie outside
of the satellite retrieval detection limits; in the example shown in Figure 9, the total satellite-retrieved mass is
similar to the total mass in the dispersion model output with the identified satellite retrieval limitations applied.
However, this does not mean that once the satellite retrieval limitations are considered there is generally
agreement between the satellite-retrieved total mass and modeled total mass. The proportion of mass in the
dispersion model that is outside the satellite retrieval's sensitivity range varies significantly for different cases and
even for the same eruption at different times. Although in this case and time 1.9 x 10° kg, or 85% of the original
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mass, is shown to be outside the identified sensitivity range of the satellite retrieval, this number can vary from
very small values (<10%) to very large values (>95%). For example, in Figure 10, it can be seen that significantly
more mass is removed from the NAME output when the restrictions are applied on 11 May compared to 7 May.
More significant variation in the amount of mass removed would likely be seen if other eruptions were
considered. Well-dispersed ash clouds in the upper troposphere containing mostly moderate column loadings and
smaller particles would likely not be affected significantly by applying the restrictions and better agreement
between the satellite-retrieved data and the output of VATDMs should be expected. This agreement may then
decrease as the ash cloud further disperses and column loadings below the sensitivity range of the satellite
detection algorithm become more prevalent.

The relative significance of the application of each of the restrictions is also likely to be highly dependent on the
specific eruption being considered and the age of the ash cloud. Ash clouds which have recently been produced by
an eruption with a high plume height are likely to be most impacted by the application of the particle size re-
striction and maximum column loading rescaling, whereas ash clouds that have been dispersing and descending
for a long time are likely to be most impacted by the application of the altitude restriction and the removal of low
column loadings. It is also worth noting that the sequential application of the restrictions will have reduced the
impact of applying the vertical limiting and especially the mass loading restrictions. This is because the appli-
cation of the preceding restrictions will have removed mass that would otherwise be removed by these re-
strictions. For example, in Figure 9 the area of column loadings >10 g m~? is reduced by applying the restriction
on diameter and the impact of later applying the upper column loading restriction is therefore reduced.

We have shown that applying the identified sensitivities of the satellite retrievals (to particle size, altitude, and ash
column loadings in the atmosphere) to dispersion model output can strongly influence what is inferred from
comparing the two data sources. It is therefore important that the limitations of both the satellite and model data
are considered for forecast verification and when using satellite data for calibration of MERs, including in
inversion methods, data assimilation, and wider data fusion techniques. It is also important to correctly interpret
what our results show. We have demonstrated that significant proportions of the mass present in the dispersion
model output can be outside the satellite retrieval's sensitivity range, and therefore the quantitative satellite data
does not provide evidence that this ash is not present in the atmosphere. However, this does not by extension mean
that the ash outside the retrieval's sensitivity range is present. It is possible that this ash is not present and errors in
the ESPs, meteorological data, and the representation of near-source processes could contribute to an over-
estimation of ash mass in the dispersion model output. In some cases these errors are clearly present, such as the
example shown in Figure S2 in Supporting Information S1, where the dispersion model does not appear to have
captured the location of the entire ash cloud accurately when compared to the satellite-retrieved data. Under-
standing how much ash outside the retrieval's sensitivity range is present in the atmosphere is essential for future
quantitative ash forecasts, as we have shown this could represent more ash than is within the satellite retrieval's
sensitivity range. Further work comparing observations with different limitations will likely be crucial to
improving this understanding.

Discrepancies between dispersion model output and satellite retrievals are often attributed to the lack of repre-
sentation of near source processes in the modeling, such as aggregation. Our findings suggest it is possible
limitations in the satellite-retrieved data could account for some of these discrepancies, and that near source
processes removing large quantities of ash may not be required to achieve consistency in the data from different
sources. This also supports the findings from the tephra community studying deposits, including cryptotephra,
which suggest that large amounts of ash can be transported long distances from the source (e.g., Cashman &
Rust, 2019), and new evidence which shows that aggregation can, in some cases, extend the lifetime of the ash in
the atmosphere (Rossi et al., 2021).

In contrast, there is evidence that much of the mass outside the sensitivity range of the satellite retrieval does not
remain in the distal ash cloud. For example, Prata and Prata (2012) used aircraft, ground-based lidar, and air
quality data to validate satellite-retrieved ash column loadings and found good qualitative agreement as did
Newman et al. (2012) when comparing IASI (Infrared Atmospheric Sounding Interferometer) retrievals and
aircraft observations. It is worth noting that the validation methods have their own sensitivities and limitations.
For example, aircraft observations are often limited to less dense parts of ash clouds for safety reasons (Johnson
et al., 2012).
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Limitations in satellite-retrieved volcanic ash data are also dependent on the detection and retrieval scheme used.
The VOLCAT (VOLcanic Cloud Analysis Toolkit) system achieves significant improvements in the detection of
optically thick ash clouds by considering the rate of growth of the umbrella cloud (Pavolonis et al., 2018) and
improvements in the detection of optically thin ash by identifying cloud objects to increase the likelihood of ash
being identified if neighboring pixels contain ash (Pavolonis et al., 2015a). Some biases shown here for the
Francis et al. (2012) retrieval scheme may also be less significant for other retrieval schemes. For example,
schemes that use alternative a priori probability distributions, such as lognormal probability as a function of the
retrieved variables, may well be able to more consistently retrieve higher column loadings than the Francis
et al. (2012) method.

Additionally, even in scenarios where the ash cloud may be out of the satellite detection and retrieval's sensitivity
range (e.g., if the dispersion model output indicates this), the satellite may still provide useful information. This is
because many of the ash clouds that the detection and retrieval would not be sensitive to will still produce a
noticeable signal in the satellite imagery. In particular, scenarios where there is a lot of ash often result in optically
thick clouds which the automated detection is unable to discern from meteorological cloud. However, a skilled
observer will often be able to identify these as volcanic clouds from an animation of the Dust RGB where the
cloud can easily be tracked from the volcano. As such, even where the satellite detection or retrieval have failed, it
will likely be possible to assess whether this is because there is too much or too large ash, or whether it is because
significant ash simply is not present. Similarly, where the biases and limitations of the detection and retrieval
method are well-known, information can be inferred from whether the detection and retrieval were successful. For
example, where the Francis et al. (2012) ash detection and retrieval have successfully identified ash, the likelihood
of extremely high column loadings being present is reduced as the likelihood of successful detection and retrieval
decreases as the column loadings present increase (above ~10 g m™>).

Furthermore, the limited available microwave satellite data indicate that a significant proportion of the mass
released by a volcano may be on particles that are too large to reach the distal ash cloud in significant amounts.
Marzano et al. (2018) found a fine ash fraction of ~1% by comparing estimates of total mass in TIR satellite
retrievals with ground deposit total mass estimates for the April 2015 Calbuco eruption. In the same study, they
found that total mass estimates from MW observations near the source were comparable with the total mass
estimated from ground deposits. MW observations from 14 hr later indicated that little of the ash observed
immediately after the eruption that the MW data were sensitive to was still present. The rapid reduction in mass in
the MW observations is consistent with the sensitivity of the instruments, which are only able to observe more
significant volcanic eruptions and the subsequent ash cloud, and are only sensitive to the larger particles in the
erupted cloud. The precise lower limit of size that the MW observations are sensitive to is not well-defined with
values ranging from 10 to 50 pm in radius quoted in previous studies (Marzano et al., 2013, 2018; Romeo
etal., 2023). As such, it is not clear how much mass may be present that neither the TIR nor MW observations are
sensitive to. However, given the good agreement between total mass present in the MW observations and ground
deposit data, it is likely most of the ash is within the two observations' combined sensitivity range. Further ev-
idence for this is provided by Corradini et al. (2016) where they find the retrieved size distribution from ground-
based MW data gives comparable results to the retrieved size distribution from SEVIRI observations around
10 pm radius.

The emergence of new evidence, including the results of this investigation, has potential implications for the
DFAF applied at the London VAAC. It is important to consider the sensitivity and uncertainty of any observations
used for setting default initial values for the DFAF and when modifying the DFAF in near-real time eruption
response. Given the DFAF is known to vary significantly between eruptions, it would be extremely valuable if the
processes dictating the proportion of mass ejected from the volcano that reaches the distal cloud were better
understood, monitored in real time, and modeled, such that more realistic and dynamic values for DFAF could be
determined in near real time. This would constrain a significant uncertainty that is currently poorly defined in the
forecast ash concentrations.

Despite the unanswered questions, we can make recommendations for best practice in using satellite data during
operational response in future based on the results of this investigation. The current operational process (at the
London VAAC) is to use the satellite data, including the Dust RGB, to evaluate the NAME model forecast.
Simulated imagery is a useful tool to aid this process, with comparison of the real and simulated Dust RGBs
allowing for a good comparison of the location of ash in the observations and dispersion model output. It can also
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be useful for quantitative comparison of mass loadings as the loadings retrieved from the simulated image can be
compared to the loadings retrieved from the real image. This reduces the impact of any biases in the satellite-
retrieved data, because the biases present in the loadings retrieved from the real image are likely to be similar
to the biases in the loadings retrieved from the simulated image. The QV A requirement to produce quantitative
data with associated uncertainties means that the process for utilizing satellite-retrieved volcanic ash data is likely
to become increasingly automated, both at the London VAAC and other centers. As such, the focus for producers
of satellite-retrieved data is likely to be how it can be used in automatic verification and assimilation methods. The
data from this study could be used to create a product which reflects what column loadings are consistent with the
satellite-retrieved data. Probability distributions of the likely true column loading present in the atmosphere given
a retrieved column loading could be produced and used within verification and inversion schemes. This would
automatically account for the identified limitations of the satellite-retrieved data.

At the London VAAC, a source inversion model called INTEM (Inversion Technique for Emissions Modeling;
Pelley et al., 2021) can be run operationally. Inversion schemes, such as the INTEM tool, are used to provide
revised time-varying MER and vertical distribution of ash at the vent, which can correct both the location of the
modeled ash cloud as well as the modeled ash column loadings to better match the satellite observations. INTEM
infers the optimum ESPs based on the amount of ash retrieved from the observations and a prior estimate of the
ESPs. Currently within INTEM, the satellite's sensitivity range is compensated for simply through limiting the
PSD used to between 1 and 30 pm in diameter. It is therefore implicitly assumed that the satellite is sensitive to all
fine ash in the atmosphere. As such, it may be better to use a product that has accounted for the identified
limitations of the satellite data, such as the one described above, within the inversion. Alternative approaches,
such as producing simulated radiances with the dispersion model data and running the detection and retrieval
algorithm on these to compare to the retrieved loadings from the real imagery, could also be considered. Ac-
counting for the satellite limitations in InNTEM is likely to lead to increased reliance on (i.e., give more weight to)
the a priori estimate (in effect a first guess model forecast) for modeling the part of the ash cloud which is outside
of the satellite sensitivity ranges.

6. Conclusions

We have demonstrated the value of simulated satellite imagery in assessing the performance of a satellite ash
detection and retrieval algorithm with a known truth. We have shown that TIR satellite retrievals using the method
of Francis et al. (2012) are most sensitive to ash loadings of between 0.25 and 40 g m™, at altitudes higher than
3 km above ground level, and for particles smaller than 10 pm in radius. We also showed that, for this retrieval
method, retrieved column loadings become increasingly underestimated when more than ~7 g m™2 of ash is
present. The results of this investigation have important implications for the use of satellite data in verifying
dispersion model forecasts in an operational environment. In many scenarios, there will be significant uncertainty
in the amount of ash present in the atmosphere that may have gone undetected or underestimated by satellite
detection and retrieval algorithms. Although comparisons to other observations indicate good agreement with
satellite data, limitations in the other observations may also lead to systematic underestimations. As such, further
work comparing different forms of observations and dispersion model output with consideration of their
respective limitations would be valuable in constraining the possibility of significant systematic errors from
satellite and other observations. In particular, further studies with both MW and TIR data combined, and studies
defining the sensitivity of MW observations to different particle sizes and ash column loadings, would be very
useful for understanding how much ash typically remains in the distal ash cloud.

Data Availability Statement

All retrieved ash data, data used in the NAME mass comparisons, and data used by REFIR are available at Zenodo
(Saint et al., 2024). The simulated radiances were produced using a version of SPS (Satellite Processing System)
that is stored in internal Met Office repositories alongside the python plotting code used to produce Figures 1-8.
Unfortunately, there is no existing license to make this software openly available, but interested parties are
encouraged to contact the author who will assist in sharing as much relevant code as possible. The software to
simulate the radiances included the use of RTTOV v13.0 (Saunders et al., 2020). The NWPSAF profile data
(Eresmaa and McNally, 2012) used to set the meteorological data in the simulations and retrievals are available at
https://nwp-saf.eumetsat.int/site/software/atmospheric-profile-data/. NAME Version 8.1 was used in the
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