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Abstract 

Volcanic ash presents multiple hazards to aircraft, from reduced pilot visibility to permanent 

engine damage. To mitigate the risk of an aircraft encountering an ash cloud, Volcanic Ash 

Advisory Centres (VAACs) provide forecasts on the expected location of volcanic ash in the 

atmosphere. The London VAAC uses the atmospheric dispersion model NAME (Numerical 

Atmospheric-dispersion Modelling Environment), driven by meteorological parameters from 

the Met Office Unified Model (MetUM), to generate forecasts within its area of responsibility. 

However, due to historical computational restraints, the dispersion model domain is currently 

restricted to altitudes < 30 km, despite MetUM data being available up to an altitude of 80 km. 

The likelihood of an eruption releasing ash at altitudes > 30 km is non-zero and thus the 

decision has been made to remove this height restriction. 

Here, we explore two options to introduce the capability to model volcanic ash dispersion 

above 30 km at the London VAAC. The first option uses a ‘persisted’ meteorology approach 

above 30 km, while the second option uses the full meteorological forecast conditions. The 

first option assumes that upper stratospheric meteorological conditions above 30 km are 

similar enough to the conditions forecast at 30 km that any differences are negligible. To 

investigate the appropriateness of this assumption, we considered a hypothetical eruption of 

Öræfajökull (Iceland) during different stratospheric meteorological scenarios, including 

Sudden Stratospheric Warming (SSW), Vortex Intensification (VI) and Final Stratospheric 

Warming (FSW) events. 

We found that, when ash is released up to 35 km, using persisted meteorological conditions 

underestimates the horizontal spread of upper-level ash perpendicular to the main dispersal 

path of the ash cloud in every scenario. During events when there was a significant shift in 

stratospheric zonal wind direction or speed, such as SSWs, VIs and FSWs, we found that the 

ash dispersed by the persisted meteorology reacted to the changes in wind conditions later 

than that dispersed using the full forecast data, leading to differences in both the distance and 

direction the simulated ash clouds were dispersed. When stratospheric conditions were less 

variable, such as during summer periods, fewer differences in the spread of the simulated ash 

clouds were found, but large differences in the ash concentrations and mass loadings in the 

centre of the ash clouds were observed. Additionally, when simulations using a limited depth 

release, to mimic umbrella clouds, were compared, the differences between the modelled ash 

clouds were further exaggerated. These results suggest that stratospheric conditions above 

30 km can have a significant impact on the forecast atmospheric location and concentration 

of volcanic ash released near to and above 30 km, and in order to best represent the 

dispersion of ash above 30 km in operational volcanic ash forecasting all available MetUM 

data covering the altitudes volcanic ash is likely to reach should be used. 
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1. Introduction 

1.1. The Importance of Forecasting the Movement of Volcanic Ash 

In the event of a volcanic eruption generating an ash cloud, there are nine Volcanic Ash 

Advisory Centres (VAACs) in place around the world to forecast their movement to warn 

aircraft pilots (Leadbetter and Hort 2011, Newhall et al. 2018). Ash clouds present a hazard to 

aircraft both due to the impact on visibility for the pilot and the effects on the plane itself. In the 

air, aircraft encounters with volcanic ash can lead to surface abrasion, temporary engine 

failure and, in some cases, permanent engine damage (Casadevall 1994). On the ground, ash 

can be ingested into aircraft engines during taxiing, take-off and landing and affect the 

manoeuvrability of the aircraft (Casadevall et al. 1996). Although, to date, no crashes or 

fatalities have resulted from encounters with volcanic ash, the cost of repairing a damaged 

aircraft alone is estimated to be of the order of several million (US) dollars, not accounting for 

the cost of taking the plane out of service temporarily (Newhall et al. 2018). The forced halting 

of the aviation industry can have major economic impacts as well, with the 2010 eruption of 

Eyjafjallajökull, Iceland leading to global GDP losses of US$5.0 billion (Oxford Economics 

2010). Therefore, it is important for the aviation sector to receive accurate information on the 

location and concentration of volcanic ash in the atmosphere. 

1.2. The London VAAC Operational Procedure 

The London VAAC is tasked with forecasting the movement and dispersion of volcanic ash 

clouds within the north-eastern corner of the North Atlantic, which includes any produced by 

eruptions in Iceland and Jan Mayen (Norway). This forecasting capability is achieved using 

the atmospheric dispersion model NAME (Numerical Atmospheric-dispersion Modelling 

Environment, Jones et al. 2007). Operationally, NAME is driven by meteorological parameters 

from the global configuration of the Met Office Unified Model (MetUM), with a temporal 

resolution of 3 hours, a horizontal resolution of approximately 10 km and using 59 vertical 

levels between the surface and 30 km asl (Beckett et al. 2020, Witham et al. 2020). Although 

the MetUM produces data over 70 vertical levels (up to 80 km asl), only 59 levels are used 

with NAME for the London VAAC in order to decrease run times during an event and lessen 

data storage requirements. However, as a result, the maximum plume height which can be 

modelled is limited to 30 km. This is further reduced to approximately 25 km if the buoyant 

plume model is used to estimate the plume height, due to its bisection method that finds 

solutions for plume heights greater than and smaller than the initial height given (Devenish 

2013). If an eruption larger than 30 km were to occur in Iceland with the current set-up in place, 

the model ash particles released above 30 km would immediately be removed due to a lack 

of valid meteorological (met) conditions. This in turn would lead to reduced total column ash 

mass loadings (Figure 1a) and reduced horizontal spread due to the missing upper-level ash 

(Figure 1b). Additionally, if the London VAAC were called in to assist with an eruption 

producing ash above 30 km elsewhere in the world, for example in the tropics where plume 

heights can be larger due to the effects of the unstable, moist atmosphere (Tupper et al. 2009), 

the same problems would occur. 
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1.3. Plume Height Frequencies 

The relative explosivity of a volcanic eruption is described using the Volcanic Explosivity Index 

(Newhall and Self 1982), with the explosivity value assigned based on the volume of erupted 

material, the plume height, the length of eruption and other qualitative observations. A plume 

height over 25 km will put an eruption at VEI 5 or above. The frequency of eruptions with 

plumes > 30 km can therefore fit within the global recurrence frequency of VEI 5 to VEI 8, from 

1 per decade to less than 1 per millennia (Simkin 1993, Kiyosugi et al. 2015). In Iceland, there 

have been three known VEI 6 events: the 1362 AD eruption of Öræfajökull, with an estimated 

plume height of 25-37 km, and the Hekla 3 and Hekla 4 eruptions, in circa 2800 BP and 4000 

BP respectively, with suggested plume heights of 30-35 km (Lacasse 2001, Barsotti et al. 

2018). Additionally, the 1875 AD Askja eruption has been estimated to have had a maximum 

plume height between 25-37 km (Lacasse 2001, Carey et al. 2010) and tephra fallout from 

past eruptions at Katla implies plume heights were between 20-35 km (Lacasse 2001, Saxby 

et al. 2020), putting these eruptions within the VEI 5 and up category as well. 

1.4. Previous Investigations Using Higher Altitude Meteorological Data 

Previous research which has modelled high altitude ash releases from volcanic activity in 

Iceland has used a variety of methods to account for upper-level atmospheric dynamics. To 

investigate the conditions needed for tephra to reach the historical and prehistorical deposit 

locations found around the subpolar North Atlantic, Lacasse (2001) used a mixture of 

seasonally averaged rawinsonde data from four subpolar meteorological stations for below 25 

km and seasonally averaged radiosonde and satellite observations up to 48 km. Barsotti et al. 

(2018) used ten years of ERA-INTERIM met data, which has a 0.7° horizontal resolution and 

uses 60 vertical levels up to 0.1 hPa (~65 km) (Berrisford et al. 2009), to assess the impact of 

a modern-day reoccurrence of the 1362 AD eruption of Öræfajökull on Iceland’s infrastructure. 

Utilising the same met data and model as the London VAAC, Saxby et al. (2020) investigated 

 

a) 

 

b) 

Figure 1: Example of the error in the forecast plume dispersal if an eruption producing a plume > 30 km occurred 
with the current VAAC set-up. Comparison of simulated ash clouds produced using 59 levels of met data and 70 
levels of met data for a simulated 35 km eruption on 28/01/2019 after T+36. a) The difference in simulated ash 
mass loading values. b) The horizontal spread of ash cloud areas with ash mass loadings > 0.2 g m-2; the purple 

region represents an ash cloud area forecast by both met scenarios. 
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whether the transport of volcanic ash was sensitive to the use of ‘persisted’ or ‘real’ met data 

above 30 km. Their ‘persisted’ met data used met conditions from the 59th model level for 

altitudes higher than the 30 km limit, while their ‘real’ met data used all 70 available levels of 

MetUM data, up to 80 km. Saxby et al. (2020) conducted a sensitivity analysis using NAME 

runs for a release of ash from Katla over 1 hour, using a uniform particle size and uniform 

particle distribution from summit to plume top heights of 25 km and 35 km. They found 

relatively little difference in the ash distribution in the atmosphere between using the ‘persisted’ 

and ‘real’ met conditions in the two hours after the eruption end time. However, they only 

looked at a single, brief wintertime event and the results from Lacasse (2001) show that 

stratospheric conditions vary throughout the seasons, so it is likely that the level of similarity 

between the met data options will not remain the same over the course of the year. On the 

other hand, Barsotti et al. (2018) did take the varying met conditions into account in their 

simulations, but given the lack of time constraints for research simulations they did not need 

to consider using less than the full amount of met data available to them. Thus, we will take 

inspiration from the methods of Lacasse (2001) and Barsotti et al. (2018) to expand upon the 

investigation started by Saxby et al. (2020) and apply it to our operational context. 

1.5. Aims for This Study 

We consider two options for using MetUM with NAME for modelling volcanic plumes above 

the current 30 km altitude limit, as used by Saxby et al. (2020): 

1. Assume that the stratospheric met conditions above 30 km are similar enough to the 

conditions at 30 km that any differences are negligible and use the model met 

conditions at 30 km for higher altitudes, persisting the met data from the 59th vertical 

level (MetP). 

2. Use the full forecast met conditions above the current 30 km limit, i.e. use all 70 vertical 

levels of met data (Met70). 

Figure 2 shows an example of the differences in the MetP and Met70 wind parameters above 

the Öræfajökull vent. In this case, the MetP winds are slower and near westerly above 30 km, 

while the Met70 winds are faster and vary slightly in their direction. Therefore, the aims of this 

study are to investigate whether differences in met conditions above 30 km are significant 

enough under different meteorological situations over altitudes ash is likely to reach to affect 

the ash dispersal forecasts produced by the London VAAC and to consider the technical 

advantages and disadvantages to choosing either approach. 

In order to adequately compare the forecast ability of the two met data options, six different 

case studies were chosen for analysis that encompass different stratospheric meteorological 

conditions over high latitudes throughout the year. For each, three plume heights with uniform 

releases of ash (25 km, 30 km and 35 km asl) are considered to determine whether the 

differences in the meteorological conditions above 30 km have a more significant impact on 

plume dispersal differences with increasing plume height. Large explosive eruptions can also 

result in the formation of an umbrella cloud, where the buoyant plume rapidly expands radially 

from the volcano upon reaching an altitude where the plume’s density matches that of the 

surrounding atmosphere (Sparks 1986, Webster et al. 2020). Thus, to represent this type of 
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event, we also consider a scenario where ash is released over a limited depth, between 30 

and 35 km. To model these conditions, a hypothetical eruption of Öræfajökull was considered. 

Among the Icelandic volcanoes that have a likelihood of producing eruptive plumes taller than 

30 km, Öræfajökull has shown the most recent signs of unrest, from November 2017 to May 

2018 (Barsotti et al., 2018). 

 

  

 

 a)      b)       c) 

Figure 2: (a) The MetUM vertical levels from which the met data are ingested. The blue solid lines represent the 
‘rho’ levels on which the wind vector data are stored, the red dashed lines represent the ‘theta’ levels on which 
temperature data are stored. An example of the difference in model horizontal (b) wind speed and (c) wind 
direction above Öræfajökull as NAME interprets them when using MetP compared to Met70 are also shown. The 
pink dotted line shows the 30 km cut-off height. 
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2. Case Study Overview 

The following background information and summaries of each case study aim to explain the 

meteorological phenomena they encompass and the differences in plume dispersal we might 

expect to see in the NAME simulations as a result. 

In winter, the polar stratosphere is characterised by the stratospheric polar vortex, a 

planetary-scale cyclonic circulation that forms over the winter pole due to the Earth’s axial tilt 

leading to radiative cooling from a lack of solar heating. The cold air within the polar vortex 

can reach temperatures < -80 °C and is accompanied by the surrounding westerly polar night 

jet stream (Lee and Butler 2020). These westerly winds increase in speed with altitude and 

are stronger in the southern hemisphere (Craig 1965) where the winter vortex is more stable 

due to the presence of the Southern Ocean surrounding Antarctica (Lee and Butler 2020). 

During the summer, while lower stratospheric winds, from the tropopause to around 15 to 20 

km, remain westerly in polar regions, in the upper stratosphere, winds are easterly (Hare 

1960, Craig 1965, Lacasse 2001). The winds become more easterly with height and latitude 

and intensify as summer progresses, lasting May through August (Hare 1960). The strength 

of the upper-level Arctic easterly winds is smaller than the equivalent westerlies in winter, 

however, with magnitudes at ~48 km (1 hPa) of less than 12 m s-s in April-May and August 

and up to 25 m s-1 in June and July in comparison to values of 40-45 m s-1 in autumn and 

winter (Lacasse 2001). 

Sudden stratospheric warming events (SSWs) are the result of tropospheric planetary-

scale waves propagating vertically into the westerly winds of the wintertime stratospheric 

polar vortex. The waves break in the stratosphere, depositing their momentum and 

decelerating the westerly flow. Accompanying this deceleration in wind strength is a dramatic 

warming of the polar stratosphere by as much as 30-40 K in a few days, along with the 

displacement and/or split of the stratospheric polar vortex. In major SSW events, the zonal-

mean zonal winds are decelerated to the extent that they reverse completely to become 

easterly (Butler et al. 2017, Lee and Butler 2020). In the Northern Hemisphere, this reversal 

is defined when the daily-mean zonal-mean zonal wind at 10 hPa (approximately 30 km) and 

60°N (U10,60) first changes from westerly to easterly, with such major events occurring on 

average six times per decade (Charlton and Polvani 2007, Lee and Butler 2020). The wind 

and temperature anomalies descend from the upper to lower stratosphere (Limpasuvan et 

al. 2004) as subsequent planetary-scale waves break lower down in the atmosphere because 

they can only propagate into regions of westerly flow (Lee and Butler 2020) and upper-level 

winds are now easterly. Vortex recovery after an SSW occurs through radiative cooling in 

the mid-to-upper stratosphere as the lower-level easterlies ‘shield’ the upper levels from 

further planetary-scale wave disruption (Lee and Butler 2020) and thus the temperature and 

wind anomalies weaken and gradually descend in altitude (Limpasuvan et al. 2004), much 

like during the onset of SSWs. 
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2.1. Stratospheric Warming Events 

February 2018 SSW Onset (07/02/2018 – 16/02/2018) and Decline (23/02/2018 – 

04/03/2018) 

A Northern Hemisphere major sudden stratospheric warming event began on 12 February 

2018 (Karpechko et al. 2018, Lee and Butler 2020, Butler et al. 2020). In this case, the U10,60 

reversal was the result of a rapid deceleration in wind speed due to a strongly amplified 

wavenumber 2 planetary-scale wave pattern. It was also accompanied by an abrupt split of 

the polar vortex into two smaller vortices. The resultant anomalous high pressure over the 

Vortex intensification events (VIs) are the result of periods with anomalously low wave 

activity in the stratosphere allowing for radiative cooling to establish a stronger polar vortex 

with stronger westerly winds (Limpasuvan et al. 2005). They are defined when U10,60 exceeds 

41.2 m s-1 (Lee and Butler 2020). Unlike SSWs, the growth of the temperature and wind 

anomalies is much weaker and slower as it is reliant on radiative cooling processes rather 

than the relatively rapid wave forcing that induces negative wind anomalies. As such, the 

decay of strong vortex events is quicker than the equivalent decay of SSWs as, in essence, 

its forcing mechanisms are the reverse, with wave forcing ending the intensification rather 

than inducing it. One similarity in both event types, however, is that the temperature and wind 

anomalies always descend through the stratosphere (Limpasuvan et al. 2005). 

Annual final stratospheric warming events (FSWs) are when the polar stratosphere 

reverses into its summer easterly state and the wintertime polar vortex breaks down (Black 

and McDaniel 2007, Butler et al. 2020). It is defined to be the first day of easterly U10,60 that 

is not followed by a recovery to westerlies for at least 10 consecutive days until the following 

winter season. FSW events are primarily radiatively driven as the sun returns to the Northern 

Hemisphere pole, but they can also be driven by dynamic wave forcing as with major SSWs 

(Lee and Butler 2020). The stratospheric westerly zonal winds decelerate as strong easterly 

anomalies develop in the mid-stratosphere that strengthen and move downward through the 

lower stratosphere and into the tropopause (Black and McDaniel 2007). 

The North Atlantic Oscillation (NAO) is a measure of the strength of the Icelandic Low and 

the Azores High (IPCC 2007) and the large-scale oscillation of atmospheric mass between 

the two pressure systems (Trigo et al. 2002). The resultant climate variability is of interest 

during winter especially. During positive (negative) NAO phases, there is a strengthened 

(weakened) wintertime meridional pressure gradient as both the Icelandic low-pressure 

centre and the high-pressure centre over the Azores are enhanced (weakened) (Hurrell et 

al. 2001). As a result, under positive NAO conditions, the westerly wind field over the North 

Atlantic is strengthened, advecting warm, moist air to the northeast, producing warmer, 

wetter conditions over northern Europe and drier conditions over southern Europe. 

Meanwhile, stronger northerly winds bring cold conditions to Greenland and north-eastern 

Canada. Conversely, under negative NAO conditions, the weakened pressure gradient leads 

to the advection of warm, moist Atlantic air over Greenland and Canada and cold, dry Arctic 

air over northern Europe (Trigo et al. 2002, Hurrell et al. 2003). 
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polar stratosphere had a downward influence that reached the troposphere within a week and, 

along with bringing the descending easterly winds, shifted the North Atlantic storm track 

equatorward (Butler et al. 2020). In conjunction with a strengthened negative NAO among 

other factors, these conditions led to cold easterly airflow from central Russia across much of 

Europe in the last week of February into early March. The so called “Beast from the East” was 

the physical manifestation of this weather system felt over the British Isles from 24 February 

to 4 March in the form of unseasonably low temperatures and significant snowfall (Greening 

and Hodgson 2019). The U10,60 reversal persisted for 19 days with a minimum U10,60 of -24 m 

s-1 (Lee and Butler 2020) reached on 15 February (Karpechko 2018). 

During the onset period, it is expected that there might be some differences in the upper-level 

dispersion patterns using MetP versus using Met70 ahead of the U10,60 reversal because the 

decrease in velocity descends from above and the SSW is only defined once the reversal 

reaches ~30 km which is approximately where the change in met data begins as well. 

However, with the abrupt start to this event, it is possible more differences will be seen during 

the decline period as the winds begin to recover from above, coinciding with the cold surface 

weather. 

January 2019 SSW Onset (28/12/2018 – 06/01/2019) and Decline (15/01/2019 – 

24/01/2019) 

Unlike the February 2018 SSW event, the onset of the major SSW event on 2 January 2019 

was more gradual, with the polar vortex beginning to weaken in early December 2018 as the 

amplitude of a wavenumber 1 planetary wave pattern slowly increased to above-average 

values. Initially, this led to an elongation and displacement of the stratospheric polar vortex, 

before the daily-mean U10,60 became easterly on 2 January 2019 and the vortex split into two 

smaller vortices (Lee and Butler 2020, Butler et al. 2020). The magnitude of the wind reversal 

was smaller than the February 2018 event, reaching a minimum of -10.2 m s-1 on 10 January, 

but the easterlies persisted for a similar length of time, 21 days (Lee and Butler 2020). There 

was a weaker stratosphere-troposphere coupling following the SSW as well, with no influence 

on the NAO phase and only a slight surface influence over the northern U.S. and Canada at 

the end of January, giving a week of anomalous cold temperatures (Butler et al. 2020). 

Given the smaller magnitude of the wind reversal for this SSW, it is possible that any 

differences between using MetP and Met70 may be smaller throughout the event than during 

the February 2018 SSW. However, with the more gradual onset, there may be more 

discernible differences in the direction of upper-level dispersal ahead of the U10,60 reversal. 

During the decline stage, as westerlies descend from above, differences in the dispersal 

direction are again expected. 

April 2019 FSW (18/04/2019 – 27/04/2019) 

In 2019, the FSW transitioning into summer conditions occurred on 23 April. It had a 

substantial dynamic component with high wave activity preceding the U10,60 reversal (Lee and 

Butler 2020). With this wind reversal also being driven by the gradual radiative warming of the 

sun, it is possible that, although the final shift in wind direction may occur as rapidly as during 

the SSW events, the differences in wind direction between MetP and Met70 may be smaller. 



 

© Crown copyright 2021, Met Office  Page 11 of 47 

2.2. Vortex Recovery and Intensification Events 

2019 Stratospheric Polar Vortex Recovery (28/01/2019 – 06/02/2019 and 16/02/2019 – 

25/02/2019) 

The stratospheric conditions following the 2019 SSW during vortex recovery can be 

considered to be fairly typical in regard to wind strength and direction for winter in the Northern 

Hemisphere. Although, with U10,60 still rising, the conditions might be considered closer to early 

winter when the polar vortex is first forming and strengthening. There should be no major 

changes in wind direction with height so any differences between the ash clouds modelled 

using the two met options are expected to be in the distance travelled rather than the direction. 

March 2019 Polar Vortex Intensification (04/03/2019 – 13/03/2019 and 11/03/2019 – 

20/03/2019) 

Following on from the 2019 SSW and vortex recovery, the stratospheric polar vortex 

strengthened further to produce a vortex intensification event on 5 March 2019. The event 

peaked on 12 March when U10,60 reached 52.2 m s-1. Such an intensification occurred after 

the January 2019 SSW event because, combined with the anomalous easterly winds at lower 

levels preventing upwards propagation of planetary waves allowing for the vortex recovery in 

the first place, the SSW occurred relatively early in winter. As a result, minimal solar radiation 

reached the Arctic in the weeks following, allowing for further enhanced radiative cooling (Lee 

and Butler 2020). With the February 2018 SSW occurring later in the season, and producing 

a stronger wind reversal to recover from, a similar intensification could not have happened 

afterwards. 

Similar to the regular recovery period, it is expected that most differences in the spread of the 

ash cloud will be in the distance travelled from the volcano and not the direction. With higher 

magnitude wind speeds involved, it is likely that the differences will be more prominent than 

during the normal recovery period, however. In addition, the increased dispersal may favour 

the plume simulated using Met70 leading up to the peak wind speeds but favour the plume 

simulated using MetP after the fact as the winds first accelerate slowly and then decelerate 

rapidly from above. 

2.3. Summer 

Summer 2018 (07/08/2018 – 16/08/2018) 

The relatively weak easterlies present in the summer stratosphere prevent the propagation of 

tropospheric planetary-scale waves from influencing upper-level winds (Lee and Butler 2020) 

and lead to more consistent stratospheric conditions than in winter. As a result, fewer 

differences in the spread of the ash cloud when comparing runs using MetP and Met70 are 

expected, with any differences that do occur being the result of the increase in wind speed 

with altitude. It should be noted that during this period an ex-hurricane passes through the 

region. However, with the meteorological conditions remaining the same at those levels 

affected by synoptic scale weather systems, any effect on the dispersion of ash from this 

system will be confined to the troposphere, below the height of interest. 
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3. Methods 

3.1. Meteorological Data Acquisition and Setup 

In the current operational VAAC system, only met forecast data for the first 59 MetUM Global 

vertical levels, up to the 30 km altitude limit, are processed and used for NAME. To run NAME 

using the actual met forecast data for higher atmospheric layers, the remaining 11 MetUM 

Global vertical levels must be obtained. All 70 vertical levels of MetUM Global model data are 

stored centrally by the Met Office and must be downloaded and processed into the correct 

format for NAME to accept. When accessing data for the case study periods involving 2019 

dates, 1-hour averaged surface sensible heat flux values are used in substitution of the normal 

3-hour averaged values due to this variable not being stored in the same archive as the rest 

of the met data for these periods. Unlike in the operational setup, where the most recent 

forecast is used to initiate NAME, here the first 6 hours (+00, +03, +06) of each forecast cycle 

(00Z, 06Z, 12Z, 18Z) have been combined together to provide a more accurate representation 

of the meteorological conditions throughout each case study period. 

In order to run NAME using either MetP data or Met70 data for heights above 30 km, the met 

definition and main input files must be altered appropriately. To persist the met data, Z Max 

(the maximum height of the model domain) must be increased beyond 30 km to the maximum 

MetUM data height, equivalent to 80 km, while restricting the accessible vertical grid of met 

data to the lowest 59 levels (~30 km). This prevents ash particles from disappearing once they 

reach 30 km, as is the case with the current setup, but forces them to be transported using 

the last available met data from the 59th level for subsequent upper-level dispersion. Then, to 

use all 70 levels of MetUM data simply requires removing the height limit on the accessible 

vertical grid of met data in addition to increasing Z Max. The met data files used were the 

same for both methods to ensure meteorological conditions remained the same below 30 km. 

Table 1: NAME model parameter set-up used for case-studies. 

Parameter Value Used 

Source Strength  1.0x1013 g hr-1 

Source Shape Cuboid 

Particle Size Distribution Default (See Table 2) 

Particle Density 2300 kg m-3 

# Particles 15,000 hr-1 

Horizontal Met Resolution 0.140625° Longitude, 0.09375° Latitude 

Vertical Met Resolution 
Variable, decreasing from ~50 m near the surface to ~2 

km at level 59 (~30 km) and ~7 km at level 70 (80 km) 

NAME Domain Start 06:00 on Case Study Start Date 

Source Release Start 06:00 on Case Study Start Date 

NAME Run Duration 210 Hours (8.75 Days) 

Horizontal NAME Output 

Resolution 
0.5625° Longitude, 0.375° Latitude 

Vertical NAME Output 

Resolution 
FL000 to FL550 at 25FL intervals or Total Column Integral 

Temporal NAME Output 

Resolution 
6 Hourly from 12:00 on Case Study Start Date 
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Table 2: NAME's default particle size distribution. 

Particle Diameter Range 

Boundary (μm) 

Cumulative Mass 

Fraction 

  0.1 0.0 

  0.3 0.001 

  1.0 0.006 

  3.0 0.056 

 10.0 0.256 

 30.0 0.956 

100.0 1.0 

3.2. NAME Setup and Outputs 

NAME v8.1 was used to complete the model runs, and, to ensure that the results from this 

research remain applicable to operational VAAC runs, the default VAAC NAME settings were 

used where possible (Table 1). The main differences are: i) the constraint on the maximum 

age of particles was turned off, particles are removed after 6 days in the VAAC system to 

speed up run times operationally, and ii) a unit source strength of appropriate magnitude was 

used across all plume heights to allow for easier comparison, while this is normally calculated 

per event using the Mastin relationship (Mastin et al. 2009, Witham et al. 2020, Beckett et al. 

2020). We used the default particle size distribution (Table 2) and particles were released 

uniformly from the summit height of 2010 m asl to the respective plume heights for each model 

run. Along with acting as a crude mimicry of umbrella clouds, the more compact 30-35 km 

plume depth runs help to make identification of differences in dispersion due to upper-level 

met easier in the case studies where they are used. 

Each NAME run was initiated at the source release start time and ran for approximately 9 days 

to account for the changing conditions apparent in some of the case study periods and to 

simulate the situation of a prolonged eruption when new dispersion forecasts are made days 

after the start of an event with updated met forecast data. Detailed volcanic ash information 

was output over the two vertical resolutions used operationally. Firstly, as an ash air 

concentration (μg m-3) over ‘thin’ flight level (FL) depths from FL000 to FL550 at 25FL intervals, 

which were then processed into the thicker operational flight level depths of FL000 to FL200, 

FL200 to FL350 and FL350 to FL550 by taking the highest concentration from the constituent 

‘thin’ flight levels for each horizontal grid point and applying it to the ‘thick’ layer. Then, as a 

total column mass loading (g m-2) over the entire depth of the atmosphere. Both outputs were 

produced every 6 hours after the source release start time, but they had different averaging 

periods. The flight level outputs are a 6-hour average to cover the likely position of ash over 

the entire 6-hour period, while the total column values are a 1-hour average, as their main 

purpose in a real event is for comparison with satellite observations which requires a shorter 

validity period. 

3.3. Statistical Analysis 

To consider whether using MetP rather than Met70 affected the horizontal extent of the 

simulated ash clouds we calculated the Figure of Merit in Space (FMS), defined as the 

percentage of overlap between the intersection of both areas of interest and the union of both 
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areas of interest: 

𝐹𝑀𝑆 =  
𝐴𝑃 ∩ 𝐴70

𝐴𝑃 ∪ 𝐴70
× 100 

where AP is the calculated area of the MetP ash cloud with an ash concentration (mass loading) 

greater than 200 μg m-3 (0.2 g m-2) and A70 is the calculated area of the Met70 ash cloud 

following the same threshold(s). The 200 μg m-3 threshold aligns with the ‘low contamination’ 

level used by VAACs London and Toulouse in their supplementary concentration charts 

produced in addition to the International Civil Aviation Organization (ICAO) Volcanic Ash 

Advisories (VAA) and Graphics (VAG) (ICAO 2021, CAA 2017), while 0.2 g m-2 is the 

equivalent mass loading threshold if a cloud depth of 1 km is assumed. Calculated area is 

used, rather than the number of model grid points, to account for the varying size of grid boxes 

with latitude that can be visually misleading in some map projections. FMS values were 

calculated for each output timestep of each NAME run (Appendix Figure A1). The greater the 

FMS percentage at a given time, the more similar the total spreads of the two ash clouds are, 

while the smaller the FMS the more different they are. In order to compare the values from 

different runs, temporal averages (mean and minimum) of FMS were also calculated, using 

the timestep values from each event. 

To understand how the internal structures of the ash clouds vary when using MetP or Met70, 

direct grid cell to grid cell comparisons were made to calculate ash concentration and mass 

loading differences, which were then used to determine the maximum absolute differences for 

each case study period. This gives an indication to how the higher concentration threshold 

regions may be affected by the differing meteorological conditions. 
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4. Analysis 

4.1. Sensitivity to Plume Height 

Figure 3 shows the calculated mean and minimum FMS, across all forecast times, for each of 

the case studies considered, when the initial plume height is varied. When ash is released 

exclusively below 30 km, the ash clouds simulated using MetP and Met70 are very similar: for 

initial plume heights of 25 km every FMS > 98%. As ash is released at altitudes ≥ 30 km, the 

level of agreement between the ash dispersal simulated with MetP and Met70 lessens. When 

the initial plume heights are 30 km, bordering the met changes around the 59th vertical MetUM 

level, FMS values remain > 87%. The greatest discrepancies between the simulated ash 

clouds arise when ash is released up to 35 km. When ash is released at all altitudes, from the 

summit to 35 km, the smallest total column ash mass loading FMS values are < 50%. When 

ash is released over a limited depth, between 30-35 km, reflective of an umbrella cloud, the 

FMS values decrease significantly, with the 2019 VI minimum total column FMS value 

becoming < 25%. This reflects the increasing influence of the differing upper-level met 

conditions on the dispersal of higher altitude ash. Additionally, we find that the maximum 

difference in flight level layer ash concentrations and total column ash mass loadings 

increases as plume height increases (Table 3). Another difference seen in the change from 

25 km to 30 km plume heights is the distribution of the differences. When ash is released up 

to 25 km, differences between the two simulations occur evenly throughout the ash cloud 

(Appendix Figure A2), whereas when ash is released up to 30 km, distinct regions favouring 

one approach start to appear (Appendix Figure A3). The size of the differences begins to 

decrease with increasing distance from the source as well, as particles sediment to lower 

atmospheric layers where the met conditions are identical. 

Table 3: The maximum differences in simulated flight level layer ash concentration and total column ash mass 
loading between the Met70 and MetP simulated ash clouds for each case study and plume height. These are 
based on the absolute concentration differences from any of the three flight level layers and the absolute total 
column mass loading differences. 

Case Study 

25 km 30 km 35 km 

Flight 

Level 

Layers 

(μg m-3) 

Total 

Column 

(g m-2) 

Flight 

Level 

Layers 

(μg m-3) 

Total 

Column 

(g m-2) 

Flight 

Level 

Layers 

(μg m-3) 

Total 

Column 

(g m-2) 

2018 SSW 07/02 3.1e+3 2.0e+1 4.4e+3 7.3e+1 5.7e+3 9.4e+2 

2018 SSW 23/02 1.4e+2 3.1e-1 4.3e+3 1.3e+2 6.4e+3 2.5e+3 

2018 Summer 07/08 
1.9e+3 5.7e+0 5.4e+3 3.0e+2 2.1e+4 4.8e+3 

Shallower release depth 30-35 km 1.2e+5 3.2e+4 

2019 SSW 28/12 1.2e+3 7.1e+0 1.5e+3 1.0e+2 3.3e+3 9.6e+2 

2019 SSW 15/01 4.9e+2 1.1e+0 4.1e+3 7.1e+2 1.1e+4 8.0e+3 

2019 VR 28/01 1.8e+3 8.5e+0 5.7e+3 9.6e+1 6.1e+3 1.1e+3 

2019 VR 16/02 3.3e+2 1.8e+0 7.2e+3 5.2e+1 9.9e+3 6.7e+2 

2019 VI 04/03 5.2e+2 2.9e+0 1.9e+3 3.3e+1 3.3e+3 3.0e+2 

2019 VI 11/03 
6.3e+2 1.2e+0 2.6e+2 2.2e+1 4.9e+3 2.4e+2 

Shallower release depth 30-35 km 1.1e+4 1.5e+3 

2019 FSW 18/04 7.2e+2 1.8e+0 7.0e+3 2.2e+2 7.5e+3 3.2e+3 
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Figure 3: Mean 
(crosses) and 
minimum (dashes) 
FMS values for each 
case study for varying 
plume height, 
calculated using the 
200 μg m-3 threshold 
over the operational 
flight level layers and 
the 0.2 g m-2 
threshold for the total 

column. 
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4.2. Sensitivity to Stratospheric Conditions 

We now consider the high-altitude release scenarios more closely. There are many similarities 

in how differences in ash dispersal present themselves across the different met scenarios 

when ash is released up to 35 km: 

• The ash clouds simulated using Met70 are broader than their MetP counterpart. 

Consequently, ash clouds simulated using MetP have higher ash mass loadings and 

concentrations through the centre of the ash clouds. 

• FMS values tend to be lower, indicating greater differences in the predicted horizontal 

spread of the ash clouds, when the differences in the predicted ash mass loadings and 

concentrations are small (Figure 4). Whereas, when FMS values are high, and thus 

the horizontal spreads are similar, the maximum ash mass loading and concentration 

differences are larger.  

Despite these similarities, the events still have their own quirks. 

 

4.2.1. Stratospheric Warming Events 

During the 2018 SSW event, ahead of the U10,60 reversal, both plumes initially disperse north-

east from Öræfajökull (Figure 5), with a more eastward spread apparent above 30 km implied 

by the regions of large mass loading differences in Figure 5a. There is also a noticeable plume 

streak travelling further east than the rest of the ash cloud at around 40°N in both simulations 

(Figure 5b). However, when using Met70, this region of ash is spread further and more broadly 

than when using MetP, leading to the low FMS of 71%. Based on the differences in dispersal 

of this region of ash between the two scenarios and the large differences in predicted mass 

Figure 4: a) Mean FMS for each flight level layer against the maximum ash concentration difference and b) mean 
total column FMS against the maximum ash mass loading difference, for each case study. The dashed grey lines 

show simple linear interpolations of the relationships. 
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Figure 5: To compare simulated ash clouds produced using MetP and Met70 during the 2018 SSW 07/02 run at 
T+54 (12:00 09/02/2018) for a plume height of 35 km. (a) Total column mass loading differences, (b) ash cloud 
area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration differences 
and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level layers are 
below 30 km, the contour scales differ for the total column mass loading and flight level layer differences plots, 
and in the area comparison plots the purple region represents an ash cloud area forecast by both met scenarios. 
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Figure 6: As in Figure 5, but for T+138 (23:00 12/02/2018 to 00:00 13/02/2018 and 18:00 12/02/2018 to 00:00 
13/02/2018). 
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loadings, it can be inferred that this streak occurs above 30 km, as a result of the differing 

upper-level met conditions. Nevertheless, having occurred prior to the U10,60 reversal on the 

12th and within the mid-latitudes, this difference in dispersal is not directly related to the SSW 

event and is thus unexpected. Equally, unlike other mass loading differences throughout the 

central ash cloud region, the relatively smaller magnitude differences associated with this 

plume streak do not transfer down to the flight level layers (Figure 5c,e,g). The concentration 

differences that are seen in the flight level layers are less defined than their total column mass 

loading equivalents, but their positions coincide well with the locations of the largest magnitude 

mass loading differences.  

Leading up to the daily-mean U10,60 direction reversal on the 12th, both ash clouds gradually 

spread further north with a westward tilt showing in the upper levels by the latter part of the 

12th (Figure 6a), as expected with the shift to easterly stratospheric winds. At this time, 

differences in the dispersal of the two clouds can be seen again, with Met70 spreading ash 

further to the west in a wider band, while MetP produces higher ash mass loadings more 

centrally through the ash cloud, but over a narrower region. This is indicative of the upper-

level winds becoming easterly earlier in Met70 than in MetP and there being less variation in 

the dispersal direction of ash above 30 km when using MetP due to the persisted wind 

directions at such altitudes. These differences do not affect the predicted areal extent of ash 

mass loadings > 0.2 g m-2, shown in Figure 6b, because the underlying ash clouds at lower 

altitudes have spread further into this region as well (Figure 6c,e,g), leading the higher 

concentrations of upper-level ash to increase the central mass loadings only. However, earlier 

dispersed differences along the fringes of the ash clouds do have an influence on the size of 

the Met70 cloud above 0.2 g m-2 (Figure 6b). Similarly, it is these earlier differences that show 

the greatest influence in the flight level layers at this time (Figure 6c,e,g), affecting the ash 

cloud areas as well (Figure 6d,f,h). The total column FMS values for this period (Figure 5b and 

Figure 6b, Appendix Figure A1a) are seen to increase with time as the ash clouds increase in 

size and develop similar horizontal extents. Meanwhile, in the flight level layers, the opposite 

is seen, with FMS values decreasing with time in each of the layers (Figure 5d,f,h and Figure 

6d,f,h, Appendix Figure A1b-d). 

During the 2019 SSW event, the Met70 ash cloud similarly reacts to the initial change in wind 

direction to easterlies earlier than the MetP cloud (Appendix Figure A4). After peak U10,60 

speeds are reached in both events, the Met70 clouds react to the subsequent weakening of 

the SSW earlier again, with the mass loading differences showing the earlier shift in dispersal 

to the east (Appendix Figure A5a and Appendix Figure A6a). During the 2019 FSW event, the 

earlier shift to easterlies in Met70 is seen to have a similar impact on the dispersal differences 

to both SSW events (Table 3, Figure 3, Appendix Figure A1). In this period, the extra Met70 

spreading is accompanied by MetP producing additional spreading outside the shared 

dispersal area as well. However, only during the 2018 SSW onset case is there additional 

Met70 spreading independent from the main dispersal direction (Figure 5a-b). 

4.2.2. Vortex Recovery and Intensification Events 

During the later period of the 2019 vortex intensification event, the plumes in both high-release 
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Figure 7: To compare simulated ash clouds produced using MetP and Met70 during the 2019 VI 11/03 run at T+48 
(06:00 13/03/2019) for a plume height of 35 km. (a) Total column mass loading differences, (b) ash cloud area 
comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration differences and (d, 
f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level layers are below 30 
km, the contour scales differ for the total column mass loading and flight level layer differences plots (and differ 
from Figures 5-6), and in the area comparison plots the purple region represents an ash cloud area forecast by 
both met scenarios. 

  FMS = 76.44% 



 

© Crown copyright 2021, Met Office  Page 22 of 47 

 

 

a) 

 

 

b) 

   FMS = 58.99% 

   FMS = 63.94% 

   FMS = 62.31% 

 

 

d) 

 

 

 

 

 

 

 

 

f) 

 

 

 

 

 

 

 

 

h) 

 

 

c) 

 

 

 

 

 

 

 

 

e) 

 

 

 

 

 

 

 

g) 

Figure 8: As in Figure 7, but for a release between 30-35 km only, rather than from the summit to 35 km. Note: All 
flight level layers are below 30 km, the contour scales differ for the total column mass loading and flight level 
layer differences plots (and differ from Figure 7), and in the area comparison plots the purple region represents 
an ash cloud area forecast by both met scenarios. 
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scenarios disperse to the east throughout the total column depth (Figure 7 and Figure 8). With 

the peak in U10,60 occurring during the 12th, by T+48 the Met70 winds have begun to rapidly 

weaken from above while the MetP winds remain equal to the now faster 30 km winds. This 

can be seen in the composition of the mass loading differences in Figure 7a and Figure 8a, 

where a region of MetP biased ash is leading the eastward dispersal. While this ash does not 

influence the total column ash cloud areas in the summit to 35 km releases (Figure 7b), it does 

affect the ash cloud areas in the limited depth releases (Figure 8b). Conversely, the additional 

southward spread produced when modelling with the more varied Met70 winds shows similarly 

in both release scenarios, occurring over a region without any significant concentrations of 

ash at lower levels (Figure 7c-h and Figure 8c-h). 

In addition to increasing the size of the MetP-only and Met70-only ash cloud areas created by 

the differences in ash dispersal, the removal of ash emissions at lower levels in the limited 

depth releases reduces the size of the shared ash cloud area (Figure 8). This means that while 

the changes to the MetP-only and Met70-only ash cloud areas only marginally increase 𝐴𝑃 ∪

𝐴70, 𝐴𝑃 ∩ 𝐴70 shrinks considerably, amplifying the decrease in FMS from 76% to 43%. 

Additionally, since the mass eruption rate has not been changed for the limited depth releases, 

the ash previously released below 30 km is also released above 30 km. Thus, the ash mass 

loading and concentration differences are larger than those seen for the summit to 35 km 

releases. While this has a limited effect on the distribution of total column ash mass loading 

differences and areal extents, it does affect the flight level layer distributions. It can be seen 

in the limited depth releases (Figure 8d,f,h) that the ash cloud area with concentrations > 200 

μg m-3 stretches further east in all three flight level layers than in the summit to 35 km releases 

(Figure 7d,f,h). Moreover, the extent of the two disparate ash cloud regions increases with this 

change in overall spread as well, again leading to decreased FMS values from ~97% for the 

summit to 35 km releases to ~60% for the limited depth releases. 

Prior to the peak U10,60 speeds occurring during the 2019 vortex intensification event, because 

the Met70 winds increase in magnitude earlier than the MetP winds, the Met70 ash cloud 

disperses further east (Appendix Figure A8a-b). Likewise, during the vortex recovery after the 

2019 SSW, the Met70 winds strengthen earlier than the MetP winds as well, resulting in the 

Met70 ash clouds dispersing further east (Appendix Figure A9 and Appendix Figure A10). In 

the earlier stages of vortex recovery (Appendix Figure A9a) it can also be seen that MetP is 

still lagging in the shift from easterlies to westerlies close to the source. 

4.2.3. Summer 

The 2018 summer case study period shows the smallest differences in total column horizontal 

spread (Figure 3 and Figure 4, Figure 9), but the largest flight level layer ash concentration 

differences (Table 3 and Figure 4) for the summit to 35 km releases. The differences, and thus 

the implied upper-level dispersal, are mostly constrained to the west of Iceland where the 

summertime stratospheric easterlies that strengthen with height disperse the ash further in the 

Met70 simulation. As with the vortex intensification case, when a limited depth release is used, 

the FMS values fall and the mass loading and concentration differences increase (Table 3, 

Figure 3). However, the changes here appear to mostly be the result of the reduced shared 
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Figure 9: To compare simulated ash clouds produced using MetP and Met70 during the 2018 Summer 07/08 run 
at T+174 (12:00 14/08/2018) for a plume height of 35 km. (a) Total column mass loading differences, (b) ash 
cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots (and differ from Figures 5-8), and in the area comparison plots the purple region represents an 
ash cloud area forecast by both met scenarios. 
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Figure 10: As in Figure 9, but for a release between 30-35 km only, rather than from the summit to 35 km. Note: 
All flight level layers are below 30 km, the contour scales differ for the total column mass loading and flight level 
layer differences plots (and differ from Figure 9), and in the area comparison plots the purple region represents 
an ash cloud area forecast by both met scenarios. 
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ash cloud area size, due to reduced eastward dispersal at lower levels, and not any particularly 

large increase in either individual ash cloud area. Compared to the summit to 35 km results, 

the 30-35 km scenario (Figure 10) shows a reduction in total column FMS of a similar 

magnitude to that seen in the VI case study, although the flight level areas are not as affected 

as in the VI event (Figure 3). On the other hand, while the increase in mass loading differences 

when decreasing the plume depth is similar between the two events, the increase in maximum 

flight level layer differences is greater for the summer case study period (Table 3). 
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5. Discussion 

5.1. Overarching Observations from the Case Studies 

For the case studies with plumes > 30 km, noticeable differences in the volcanic ash cloud 

forecasts arose when using the different met datasets. The ash cloud dispersed by Met70 

always spread further perpendicularly to the main dispersion path than the MetP cloud as a 

result of the more varied wind directions present in the non-persisted upper-level met data. 

Conversely, MetP produced ash clouds with higher ash concentration and mass loading biases 

through the centre of the main dispersion path due to ash particles following the same 

atmospheric flows at multiple levels.  

Large changes in stratospheric wind direction that descend from above will always impose a 

lag on the MetP dispersal conditions, leading to persistent regions of high concentrations of 

ash heading in the prior direction for longer than they should. This can impact the forecast 

location of ash at later times as well, with ash potentially being transported from areas where 

the concentrations are higher than they should be. During periods when there is no major 

change in stratospheric wind direction, whether ash is dispersed a similar distance when using 

MetP over Met70 depends on if wind speeds are generally increasing or decreasing with height. 

If they are increasing with height, such as during post-SSW vortex recovery, pre-VI growth or 

during more stable winter and summer months, then MetP tends to disperse ash less far than 

using the full Met70. If wind speeds are decreasing with height, such as during SSW and FSW 

onset and post-VI recovery, then ash tends to be dispersed further using the persisted MetP. 

However, the extent to which the dispersal distances differ varies depending on the exact 

conditions during an event, as seen when comparing the two SSWs. 

The extra spreading of ash by Met70 seen ahead of the 2018 SSW event shows that there are 

stratospheric phenomena other than those explored here that can also affect the path of 

simulated ash above 30 km. It also shows that if the resultant differences in ash concentration 

at upper levels (inferred from the mass loading values) are not of a large enough magnitude, 

then the differences fail to transfer to the flight level layer forecasts. However, in general, 

dispersal differences have a greater impact on the areal extent of the ash cloud in the flight 

level layers when they occur over regions where ash has not already spread to at the lower 

altitudes. This is made more apparent when looking at the results from the limited depth 

releases that mimic an umbrella cloud. Here, greater differences are seen in the flight level 

layers, both as a result of there being no identical dispersal of ash from the source at lower 

altitudes to form the basis of the lower levels of the ash cloud and because all of the particles 

are released into altitudes with different met conditions to begin with so even once they reach 

lower altitudes there will be an increased number of varied dispersal paths affecting the 

structures of the ash clouds. This shows that, for an umbrella cloud eruptive plume, we might 

expect the error in forecast ash cloud extents, ash mass loadings and ash concentrations to 

be larger when using MetP over Met70 than with other plume types. 

The two opposing trends in FMS seen during the 2018 SSW event are present throughout the 

majority of the other study periods as well (Appendix Figure A1). They imply that the choice of 

met data becomes less important with increasing forecast time when considering the evolution 
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of the total ash cloud column, but more important when considering the flight level layer 

forecasts, for plume heights > 30 km. Looking at the limited depth release scenarios shows 

much the same, although during the VI event the flight level layers’ FMS values appear to 

show some recovery at later times and during the summer period the total column FMS 

continues to decrease with time. Comparing these trends to each other and those seen in the 

equivalent summit to 35 km releases shows them to be an exaggeration of the trends seen 

during the deeper releases and likely not the result of using a shallower release depth given 

that the apparent changes from the general observed trend are not the same for both events. 

The relationship between FMS and maximum ash concentration and ash mass loading 

differences seen in Figure 4 is the result of less dispersive conditions producing smaller ash 

clouds with higher central ash concentrations that in turn can produce larger concentration 

and mass loading differences. That differences of comparable orders of magnitude to the 

maximum values occur over large areas, as seen in the differences plots, implies that the 

relationship is not simply the result of random point values skewing the data either. This shows 

that although using MetP during the high FMS case study periods may not have overly affected 

the size of the forecast ash cloud area where ash concentrations > 200 μg m-3 (mass loadings 

> 0.2 g m-2), it still affected the intra-cloud movements of the ash. Therefore, it is possible that 

the size of the forecast areas for higher contamination thresholds could be affected even if the 

lowest threshold area is not. Indeed, looking at ash cloud areas and FMS values for thresholds 

of 2000 μg m-3 and 4000 μg m-3
 (2 g m-2 and 4 g m-2) (not shown here) found that although the 

FMS values did not become smaller for all case studies, the areas where MetP exclusively 

forecast ash above these thresholds were larger for most events. In some cases, however, 

the large concentration and mass loading differences seen between the two simulated ash 

clouds occurred in areas within the higher thresholds tested so no greater areal differences 

were seen. 

5.2. Limitations of this Study 

Studying these events has highlighted areas which could have been explored further to give 

more well-rounded results applicable to more situations. The effect that the unexpected 

meteorological conditions ahead of the 2018 SSW U10,60 reversal had on the ash cloud 

dispersal and the presence of dispersal differences during the relatively stable summer 2018 

period suggest that exploring additional ‘normal’ conditions for each season would have been 

beneficial. A broader selection of events would help to identify other less obvious conditions 

that can affect stratospheric ash dispersal and help to verify the occurrence of dispersal 

differences under more meteorological circumstances. A simpler method to identify the likely 

effect that using persisted met data would have on ash dispersion during a wide range of 

conditions would be to compare the meteorology above 30 km directly and determine typical 

differences in dispersal characteristics during different seasons and events. In addition, while 

the two limited depth release scenarios provide good evidence towards there being greater 

forecast differences between the two met data choices when more of the plume is released 

into the persisted meteorology, running all of the case studies under such circumstances 

would have added to this further. Similarly, some of the details of the changing meteorological 

conditions were lost during the latter parts of the forecast periods due to the clouds becoming 
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so large. Running shorter simulations over different stages of the events may have made the 

results easier to interpret. Using other techniques, such as particle trajectories, vertical cross-

sections and other statistical analyses, to investigate the internal movements and structural 

differences of the ash clouds may have helped when analysing the larger clouds as well, along 

with allowing for a better understanding of how the flight level layer forecasts end up being 

affected by upper-level differences in dispersal. 

5.3. Technical Considerations 

In order to make a decision on how higher altitude met data should be introduced on the 

operational system, the technical changes required to implement either option must also be 

considered: 

• Choosing the MetP approach would require the fewest changes, with only a simple 

modification to the flow domain extent within the met definition files. This option would 

not change the met file names or contents and thus have no impact on other 

operational systems that share the same met for use with NAME, nor increase the 

storage requirements or met loading times. 

• On the other hand, using Met70 would increase met generation processing costs to 

output and convert additional levels of MetUM data into the NAME compatible format, 

along with increasing the storage requirements for both operational and research 

purposes. Choosing Met70 also gives a couple of implementation options: 

o To store and load all the met data levels into one set of files. 

▪ This would require the files to be stored under a new naming 

convention, which would affect all operational NAME runs using MetUM 

Global data. 

▪ This would increase the run times of all operational and research NAME 

runs using MetUM Global data by approximately 5-10 %, due to the 

additional met data being loaded regardless of whether the run uses 

any met data above 30 km. 

▪ There is an option to have a second met definition file available that 

would only load the Met70 data up to the 59th level which would lessen 

the load times for runs that do not require the extra data, but not the 

additional storage or file name changes needed. 

o To split the met data into two sets of height ranges. 

▪ This gives the option to only store met data above 30 km long term 

when an event that requires it occurs, lessening the increased storage 

requirements. Though this may be difficult to implement in practice. 

▪ Assuming that the split in data occurs at the 59th level, there would be 

no need to make any changes to other associated NAME systems that 

only use MetUM Global data at lower altitudes and the run times for 

these systems would remain the same. 

▪ There is the option to split the met data at a lower altitude, which would 

require changes to all associated systems but would potentially 

decrease the run times for events that occur below the new altitude limit. 
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▪ Implementing this method would be more work with the need to process 

the met data into more files than at present and to alter the met 

definition files to read in multiple level range files. 

▪ Should the decision to use a height other than 30 km be made, 

additional work would need to be completed to determine the best cut-

off height for the lower-level data. 

Future changes in NWP resolution (both horizontal and vertical) and storage format should 

also be considered when thinking about the pros and cons of each option as this will potentially 

change the significance of any storage volume increases associated with adding extra levels 

and influence the decision to split data across multiple files. For example, it may be decided 

that adding an upper-level height cap greater than 30 km but less than the top of the MetUM 

Global domain (currently 80 km) is beneficial in limiting excessive storage and reading in of 

unnecessary met data given the likelihood of volcanic ash or other particulates reaching such 

altitudes. 
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6. Conclusions 

• The 1875 AD eruption of Askja volcano is the last known event in Iceland to have 

generated a plume estimated to reach an altitude ≥ 30 km, while the most recent global 

VEI 5, 6 and 7 events are the 2011 Puyehue-Cordón Caulle eruption (~12 km plume 

height), the 1991 Pinatubo eruption (30-35 km plume height) and the 1815 Tambora 

eruption (~43 km plume height), respectively (Sigurdsson and Carey 1989, Global 

Volcanism Program 2013). This demonstrates that eruptions above 30 km are possible 

and should be planned for. 

• Stratospheric meteorological events that could affect ash dispersion occur as 

frequently as annually or biennially. 

• This work has investigated the impact of using persisted meteorology above 30 km 

(MetP) versus full NWP met data (Met70) when modelling the transport and dispersion 

of stratospheric volcanic ash. 

• When simulating the dispersal of ash from plumes < 30 km in height, there are no 

significant differences in the ash clouds produced by the two met options. 

• When simulating plumes > 30 km, using Met70 transports and disperses ash more 

broadly, while the ash clouds simulated using MetP appear narrower with higher ash 

mass loadings in the centre of the clouds. The subsequent effect on the concentration 

of ash in individual flight level layers is similar, but the differences are less distinct at 

lower altitudes. 

• Events with significant shifts in stratospheric zonal wind direction or speed that have a 

height dependency lead to the largest differences in ash cloud extent when comparing 

the two met set-ups. 

• During events where using MetP has little influence on the horizontal extent of the 

simulated ash cloud, the central ash mass loading and concentration differences 

become large because the differences in dispersal and the total ash volume are 

confined to a smaller area. This can then influence the size of higher threshold forecast 

areas. 

• Even when there is no distinct stratospheric meteorological event occurring (e.g. during 

summer) differences in the predicted transport and dispersion of the ash cloud occur 

when using MetP. Additionally, unexpected/unexplained stratospheric conditions can 

have an effect as well (e.g. the plume streak during the 2018 SSW). 

• The differences in the spread of the simulated ash clouds in the flight level layers are 

greatest when the stratospheric dispersal of ash is in the opposite direction to the 

tropospheric dispersal or when no ash is released at tropospheric levels (e.g. with an 

umbrella cloud) as the ash settling from above is then not concealed by pre-existing 

areas of ash. Flight level layer ash cloud differences, in both area and concentration, 

are also greater in locations where the mass loading differences are larger. 

• Differences in the forecast ash mass loading and concentration values are greatest 

when all of the ash is released over a limited depth at altitudes > 30 km, representative 

of an umbrella cloud. 
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• Based on the evidence presented here, it is recommended that all available NWP met 

data covering the altitudes volcanic ash is likely to reach (not necessarily Met70) should 

be used in order to best represent the transport and dispersion of ash at altitudes > 30 

km when generating volcanic ash forecasts. 
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Appendix 

 

  

Appendix Figure A1: The evolution of total column and flight level layer FMS values for each 35 km plume case 
study. Dashed line shows the same for the 30-35 km releases. 
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Appendix Figure A2: Total column mass loading differences for 25 km plume simulations for (a) 2018 SSW 07/02 
at T+54 (12:00 09/02/2018), (b) 2018 Summer 07/08 at T+174 (12:00 14/08/2018), (c) 2019 SSW 15/01 at T+186 
(00:00 23/01/2019), (c) 2019 VR 28/01 at T+126 (12:00 02/02/2019), (d) 2019 VI 11/03 at T+48 (06:00 
13/03/2019) and (e) 2019 FSW 18/04 at T+114 (00:00 23/04/2019). Note: The contour scales differ for each case 
study. 
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Appendix Figure A3: As in Appendix Figure A2, but for 30 km plume height simulations. Note: The contour scales 
differ from those in Appendix Figure A2. 
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Appendix Figure A4: To compare simulated ash clouds produced using MetP and Met70 during the 2019 SSW 
28/12 run at T+186 (00:00 05/01/2019) for a plume height of 35 km. (a) Total column mass loading differences, 
(b) ash cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 
both met scenarios. 
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Appendix Figure A5: To compare simulated ash clouds produced using MetP and Met70 during the 2018 SSW 
23/02 run at T+174 (12:00 02/03/2018) for a plume height of 35 km. (a) Total column mass loading differences, 
(b) ash cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 
both met scenarios. 
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Appendix Figure A6: To compare simulated ash clouds produced using MetP and Met70 during the 2019 SSW 
15/01 run at T+186 (00:00 23/01/2019) for a plume height of 35 km. (a) Total column mass loading differences, 
(b) ash cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 

both met scenarios. 
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Appendix Figure A7: To compare simulated ash clouds produced using MetP and Met70 during the 2019 FSW 
18/04 run at T+114 (00:00 23/04/2019) for a plume height of 35 km. (a) Total column mass loading differences, 
(b) ash cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 
both met scenarios. 
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Appendix Figure A8: To compare simulated ash clouds produced using MetP and Met70 during the 2019 VI 04/03 
run at T+54 (12:00 06/03/2019) for a plume height of 35 km. (a) Total column mass loading differences, (b) ash 
cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 

both met scenarios. 
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Appendix Figure A9: To compare simulated ash clouds produced using MetP and Met70 during the 2019 VR 28/01 
run at T+126 (12:00 02/02/2019) for a plume height of 35 km. (a) Total column mass loading differences, (b) ash 
cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 

both met scenarios. 
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Appendix Figure A10: To compare simulated ash clouds produced using MetP and Met70 during the 2019 VR 
16/02 run at T+132 (18:00 21/02/2019) for a plume height of 35 km. (a) Total column mass loading differences, 
(b) ash cloud area comparison for mass loading values above 0.2 g m-2, (c, e, g)  flight level layer concentration 
differences and (d, f, h) ash cloud area comparison for concentrations above 200 μg m-3. Note: All flight level 
layers are below 30 km, the contour scales differ for the total column mass loading and flight level layer 
differences plots, and in the area comparison plots the purple region represents an ash cloud area forecast by 
both met scenarios. 
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