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Abstract

The performance of the combination of the Fall3D ash dispersion model with the
Weather Research and Forecast (WRF) meteorological model in the southern cone of
South America under two initial and boundary conditions was evaluated. ERA-Interim
and NCEP-GFS databases were used as dynamic conditions by WRF to simulate
meteorological fields for FALL3D. As a case study, we used the eruption of the

Puyehue-Cordén Caulle Volcanic Complex occurred in Chile in June 2011. The



simulated meteorological results were compared with the horizontal wind direction,
meridional and zonal wind components, air and dew point temperatures of 7 radio
sounding stations using a set of error indicators. In addition, the ash mass load
simulated by FALL3D for a day of maximum dispersion of volcanic ash was evaluated
using the Moderate Resolution Imaging Spectroradiometer (MODIS), on which the
Prata algorithm was applied. As well as this, the WRF dominant physical processes with
both dynamic conditions were analyzed for that same date.

Meteorological results indicated that the simulation performed with WRF and NCEP-
GFS shows the lowest errors at levels between 925 hPa and 300 hPa. Ash dispersion
simulated with FALL3D and WRF in both dynamic conditions shows a different
perfomance, which from the synoptic and dynamic viewpoint can be explained for the
result of wind intensity and geopotential height. Moreover, WRF intiliazed with NCEP-
GFS and FALL3D has a higher degree of concordance with the MODIS image. Based on
the analysis and results, it was concluded that for the southern cone of South America:
1) it was not trivial for the simulation of volcanic ash dispersion to use one dynamic
condition or another in WRF; 2) in that sense, meteorological variables that influenced
the differences in volcanic ash dispersion were horizontal wind intensity and direction
and geopotential heights; 3) the system generated from the combination of the WRF
model initialized with NCEP-GFS and the FALL3D dispersion model would provide

better estimations of ash plume position and deposition in the region.

Keywords: FALL3D; NCEP-GFS analysis; ERA Interim reanalysis; WRF; 2011 Puyehue-

Corddn Caulle Complex eruption.

1 Introduction

Emissions from volcanoes can affect human health (Rojas-Ramos et al., 2001; Spence
et al.,2005a), agriculture and livestock (Wilson et al., 2011), settlements and
infrastructure (Spence et al., 2005b), and also represent a serious hazard to airplanes

and airport operations (Gislason, et al. 2011).

Specially, the aircraft encounters with volcanic ash clouds have endangered the lives of

tens of thousands of passengers and produced severe economic disruption caused by
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physical damage of aircraft, diversion and cancellation of flight (Casadevall, 1994;
Miller and Casadevall, 2000; Guffanti et al., 2008, 2010). The hazards associated with
aircraft/ash interactions are not restricted to zone near volcanoes, but also include
those in transit over volcanic or even non-volcanic areas (Siebert et al., 2010; Kvietkus
et al., 2013). In this sense, in an recent study over Spain, Adame et al.,, (2015)
confirmed the importance to evaluate the impact probability of the ash cloud and the
arrival time at a particular location. Casadevall and Krohn (1995) described how the
1992 Crater Peak eruption cloud of Mount Spurr reached as far as the Cleveland Air
Traffic Control Center, approximately 5000 km from the volcano, and affected aviation
operations in the United States and Canada. Simpson et al. (2002) described a possible
aircraft/ash encounter in northern California from the 2001 Mount Cleveland
eruptions, approximately 3000 km from the volcano. These incidents have prompted
the establishment of cooperative efforts by the International Civil Aviation
Organization (ICAO) and the volcanological community to monitor and forecast ash
clouds movement and dispersion so that they can be avoided damage to air

navigation.

In this direction, several Volcanic Ash Transport and Dispersion Models (hereinafter
VATDMs) are routinely used by Volcanic Ash Advisory Centers (VAACs) designed by
ICAO to forecast ash cloud location and issue periodic Volcanic Ash Advisories. Other
VATDMs are employed to model ash-fall deposits and concentration especially in
urbanized areas near volcanoes (Macedonio et al., 2005; Scollo et al., 2009; Bonasia et
al., 2012). For example, the London VAAC’s capability to forecast the transport and
spread of volcanic ash for flight safety on the Northeast Atlantic routes is delivered by
the Numerical Atmospheric-dispersion Modelling Environment (NAME: Ryall and
Maryon, 1998). The London VAAC adopts threshold ash concentration values, that
were employed during the 2010 eruptions of Eyjafjallajokull in Iceland (Witham et al.,
2012). According to this, there are zones of low (ash concentration between 200 and
2000 pg/m?), medium (between 2000 and 4000 pg/m3) and high (>4000 pg/m?)
contamination. The high contamination area is classified as dangerous and thus airline

carriers do not authorize their flights.



The effects uncertainties in volcanic parameters (i.e. Mass Flow Rate, Total Grain Size
Distribution, height and shape of eruption column) in VATDMs have been deeply
discussed by Scollo et al. (2008) and references within. However, the importance of
the representation of the meteorological fields in VATDMs has been scarcely
discussed. For instance, Woodhouse et al. (2013) emphasize that the wind fields must
be determined appropriately to prevent significant underestimations of the mass flow
of the volcanic source during an eruption. Furthermore, Tsunematsu et al. (2008),
stress the importance of local wind circulation to determine the receptors affected by

the volcanic ash deposition.

An inappropriate representation of the meteorological fields and the geographical
characteristics can lead to errors in the numerical simulations of the transport of
chemical species, aerosols, and particulate matter (Hanna and Strimaitis, 1990;
Brioude et al., 2012). In particular, many studies reveal that errors in wind direction
are the most important because they directly affect the dispersion mechanisms of
pollutants (mainly transport and dilution) and make it difficult to properly identify the
potentially affected areas. Furthermore, the uncertainty in temperature and wind
intensity data affects the calculation of dispersion parameters such as the Monin-
Obukhov length, atmospheric stability and friction velocity. Moreover, errors in
precipitations could have an influence on the simulation of wet scavenging of soluble
gases and aerosol particles (Scott and Luecken, 1992; Andronache, 2004; Spiridonov
and Curi¢, 2012). Additionally, an imprecise characterization of the terrain is reflected
in uncertainties in surface temperature and in turbulent flows (Sertel et al., 2010;

Katurji et al., 2011).

In most cases, meteorological fields used in VATDMSs are obtained from mesoscale
meteorological models such as the Weather Research and Forecasting Model (WRF:
Michalakes et al., 2004), the Fifth-Generation Penn State/NCAR Mesoscale Model
(MM5: MM5 Community Model Homepage) or directly using global models’ data like
those provided by the European Centre Medium-Range Weather Forecasting ERA-
Interim reanalysis (ERA-Interim: Dee et al, 2011), the National Centers for

Environmental Prediction/ Global Forecast System analysis (NCEP-GFS: Unidata/UCAR
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et al., 2003) and the United Kingdom Met Office Unified Model (UK Met Office Unified
Model: Cullen, 1993), among others. The advantage of using mesoscale meteorological
models lies in the fact that these have better spatial and temporal resolution than
global datasets and include detailed static data (i.e., detailed topography, land cover,
vegetation, surface heterogeneities and roughness), which also allows to address
meteorological phenomena achieving a better representation of the local regime in
addition to the representation of the relevant mesoscale process. In that sense, to
optimize mesoscale meteorological models, in a particular area, it is necessary to
perform a detailed evaluation of the most appropriate configuration for the model, in
particular, regarding dynamic conditions (that is, initial and boundary conditions
derived from reanalysis or analysis data) that will be introduced in it (Carvalho et al.,
2012). Both reanalyses and analyses global products have been employed for
modelling weather studies over short and long periods of time (Merzlyakov et al.,
2013; Carvalho et al.,, 2014; Kuo et al., 2014). Due to continuous evolution and
progress in the development of initial and boundary conditions, ERA-Interim and
NCEP-GFS are currently the reanalysis/analysis datasets that are freely and public
available and continue kept up-to-date (Carvalho et al. (2014) and references within).

Summarized information about these datasets is shown in Table 1.

To the best of the author's knowledge, there is no literature on regional and long-
distance ash transport modelling that compares the influence of boundary and initial
dynamic conditions on ash dispersion. Moreover, there are no studies about the

propagation of errors of meteorological fields in VATDMs.

In this work, we evaluated the influence of two dynamic conditions, ERA-Interim
reanalysis and NCEP-GFS analysis, as input to the WRF model on the simulation of
volcanic ash dispersion with the FALL3D model, in the southern cone of South America.
As a case of analysis, the recent eruption occurred in June 2011 in the Puyehue-Corddn
Caulle Volcanic Complex (PCCVC) located in the Andes Range was studied. The
experiments were performed from 3 to 13 June 2011 along 1200 km downwind of the

volcanic complex.



We proposed that WRF is sensitive to the change in the dynamic conditions (ERA-
Interim and GFS) and, therefore, the latter can affect the simulation of volcanic ash
dispersion with FALL3D. For that purpose, the uncertainties in horizontal wind
direction, zonal and meridional wind components, air and dew point temperatures
derived from the WRF model combined with NCEP-GFS and ERA-Interim through the
errors detailed in section 2.2.3 were evaluated. Although we supposed that the major
meteorological uncertainty was in the horizontal wind direction, the remaining
variables were also evaluated in order to assess this hypothesis. Then, we evaluated
the dominant physical processes of the WRF model, combined with the two initial and
boundary conditions that contributed to the net transport of the volcanic plume on

June 6, 2011, when the ash dispersion was larger and extended in different directions.

2 Materials and methods

2.1 Study case

There are more than 70 active volcanoes located in the Andes Range on the border
between Argentina and Chile, belonging to the subduction zone of the Pacific
underneath the Andean plate straddling the whole west coast of South America
(Siebert and Simkin, 2002). The largest active geothermal area of the Southern
Volcanic Zone (SVZ) of the Chilean Andes is PCCVC (Lara et al., 2006). The Complex is
located in a portion of the Patagonia region (the southern end of South America

between 36°S and 55°S) which has a high topographic complexity (Figure 1).

The climatological mean fields of surface pressure show that Patagonia is located
between the southern region of the semi-permanent Subtropical belt of high
pressures, whose direct influence extends to approximately 40°S, and the low sub
polar pressures in high latitudes. These pressure systems have only small seasonal
variations and spatial variabilities dependent on large-scale atmospheric circulation. As
a result of this mean configuration of pressures, western winds prevail all year long in
Patagonia. Atmospheric circulation, as well as climatological behavior, is affected by
transient phenomena of lesser temporal and spatial scales, such as synoptic-scale

perturbations. In particular, in the winter of the South Hemisphere, the region is under
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the influence of cold front passages and post-frontal anticyclonic systems (Satyamurty
et al., 1998). These systems generally move from West to East or from Southwest to
Northeast. The characteristics and behavior of these systems are determined
essentially by the thermal-hydrodynamics of the middle and high levels of the

troposphere (Raga et al., 2013).

The most recent PCCVC’s eruptive event started on June 4 2011 at 18:45 UTC with the
opening of a new vent (40.52°S, 72.17°W), which was located at a distance of about 7
km North-Northwest from the crater rim of the Puyehue volcano. This eruption
continued very powerfully for the next three days and developed a vigorous sustained
eruption column that rose 10-12 km. Westerly winds drifted the plume round the
Southern Hemisphere, which reached Australia in a week. Airports as far away as
Buenos Aires (34.56°S, 58.41°W) and Melbourne (37.82°S, 144.96°E) had to be
temporarily closed due to volcanic ash (Bulletin of the Global Volcanism Network,

2012). The event continued being monitored during June and the following months.
2.2 Modelling system

2.2.1 Meteorological simulations

The WRF model is a fully compressible, Eulerian non-hydrostatic meteorological
mesoscale model that solves the equations of atmospheric motion (Michalakes et al.,
2004; Skamarock et al., 2008). WRF time-dependent meteorological data (wind field,
air and dew point temperatures, etc.) and topographic description were ingested into
the FALL3D model (see section 2.2.2) to simulate the spatial and temporal evolution of
PCCVC'’s volcanic ash dispersion. In this work, we employed the version 3.4 of the WRF
model to conduct two different simulations with different dynamic initial and
boundary conditions: NCEP-GFS analysis and ERA-Interim reanalysis. We called these
simulations WRF_GFS and WRF_ERA respectively, and in this sense the meteorological
configurations used with the ash dispersion model were referred to as
FALL3D+WRF_GFS and FALL3D+WRF_ERA. WRF simulations covered from June 3, 2011
at 00:00 UTC to June 13, 2011 at 00:00 UTC. In order to illustrate the differences



already present in the analysis/reanalysis data, the air-temperature fields by NCEP-GFS

and ERA-Interim at different standard pressure levels can be observed in Appendix A.

The meteorological simulations were configured with two domains using the two-way
nesting strategy (Figure 1). Due to the fact the different global datasets considered
here have different spatial resolutions, in order to achieve a common size and
resolution of the innermost domain, a 3:1 grid ratio between inner and outer nest was
well established to be the optimal ratio for nesting WRF domains. The outermost
domain was centered on PCCVC (40.52°S, 72.17°W), had a horizontal resolution of 27
km and covered a total area of approximately 2700 x 2700 km?. The innermost domain
with 9 km of horizontal resolution was employed by the FALL3D model as
meteorological inputs (section 2.2.2) and used for the meteorological modelling
evaluation (section 2.2.3). The vertical structure of the model was divided into 28
terrain-following hydrostatic pressure levels (Laprise, 1992), with the top level being

located at 50 hPa.

All simulations used the same physical options: the Yonsei University Planet Boundary
Layer model (Hong, 2010), the Unified Noah Land Surface model (Ek et al., 2003), the
WRF Single-Moment 5-class microphysics scheme (Hong et al., 2004), the Rapid
Radiative Transfer Model long-wave Radiation (Mlawer et al., 1997), the Dudhia
parameterization for the Short-Wave Radiation (Dudhia, 1989), and the Kain-Fritsch
cumulus parameterization (Kain, 2004). The grid nudging option of the WRF’s Four-
Dimensional Data Assimilation (FDDA) system was used in all simulations, as suggested
by Carvalho et al. (2012). However, to avoid possible interferences in the resolved
mesoscale forcing mechanisms that are important to the development of the
boundary layer (Borge et al., 2008), no nudging was applied inside the planetary
boundary layer. A more detailed description of this technique can be found in

Skamarock et al. (2008).

The complex topography in the western portion of the modelling domain requires the
inclusion of accurate terrain descriptions, since topographic perturbations cause large
changes in wind speed and direction and in the turbulent fluxes that strongly affect ash

dispersion. Then, the default topographic data in WRF were updated using the Shuttle
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Radar Topography Mission (SRTM3) data (Rodriguez et al., 2005). Moreover, the
standard USGS Land Use/Land Cover (LULC) scheme with a horizontal resolution of 1
km was modified by means of a customized ~280 m resolution dataset (Puliafito et al.,

2015).

2.2.2 Ash transport modelling

FALL3D is a three-dimensional time-dependent Eulerian model for the transport, the
concentration and the deposition of volcanic ashes and lapilli (Costa et al., 2006; Folch
et al., 2009). The model solves the advection—diffusion—sedimentation equation on a
structured terrain-following grid using a second-order finite differences explicit scheme.
Each particle class is characterized by particle diameter, density and shape. Numerical
simulations of different eruptions using FALL3D have been previously performed to
validate the model (for example, Folch et al., 2012; Scaini et al., 2012). The model is
capable of simulating the ash concentration at specific Flight Levels (FL) of relevance
for flight operations and the ash mass load, among other variables. A FL is barometric
pressure, expressed as a standard nominal altitude in hundreds of feet which
represents the vertical distance of an aircraft above the isobaric surface of 1013.25 hPa
namely pressure at sea level. For example, FL50 is referred to as "flight level 50",

equivalent to 5000 ft a.s.l. (~1500 m.a.s.l.) or 850 hPa.

The computational volcanic domain was located between longitude 75.70°W to
57.75°W and latitude 32.8°S to 48.6°S, with an altitude of 16 km at the top (Figure 1).
The spatial discretization contained 100 x 100 x 31 points corresponding to a horizontal
grid spacing of ~10 km and a vertical grid spacing of ~500 m. The simulation covered
from June 4 at 19:15 UTC (the beginning of the eruption) to June 13 at 00:00 UTC. The
meteorological inputs were taken from the WRF innermost domain at 9 km horizontal
resolution (see section 2.2.1), and then they were hourly interpolated to the FALL3D

mesh.

In this study, the Mass Flow Rate (MFR) was estimated by means of the eruption
column model implemented in FALL3D, based on the Buoyant Plume Theory (BPT:
Bursik, 2001; Carazzo et al.,, 2006). This eruption column model allowed the

computation of MFR and the vertical distribution of mass, which are a function of
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column height and mixture properties at the vent (exit temperature, velocity, water
content and Total Grain Size Distribution (TGSD)). In that sense, we input the model
column height calculations consistent with observations made by the Chile’s National
Service of Geology and Mining (SERNAGEOMIN, 2011). In addition, conditions at the
vent were set to an exit velocity of 200 m/s, a water content of 3% (by weight) in
the magma, and an exit temperature of 1150 °C, values compatible with a Subplinian-
type eruption (Sulpizio et al.,, 2005). MFR was obtained using the BPT model and
ranged between 8 x 10° kg/s and 0.6 x 10° kg/s during the simulated period. The
estimated erupted mass was approximately 0.6 x 10! kg, 85% of which was deposited.
The TGSD depends on the eruption style and intensity, and may vary from one
eruption phase to another. For modelling purposes, we assumed a TGSD grouped in 7
particle classes with diameters: 4 mm, 1.26 mm, 0.4 mm, 0.13 mm, 0.04 mm, 12.4 um
and 4 um. Since data available for shapes of volcanic particles are relatively scarce, we
set particle sphericity to 0.90 for all particle classes. TGSD was assumed to be Bi-
gaussian grain-size with mean diameters and dispersion values of 500-700 pm and
125-500 um respectively. For fine particles settling velocity estimation, we chose the
Ganser (1993) model; for the horizontal diffusion, we used the CMAQ model (Byun and
Schere, 2006); and we calculated the vertical diffusion term with Similarity option

(Costa et al., 2006).

2.2.3 Meteorological modelling evaluation
Observed horizontal wind direction (WD), zonal and meridional wind components (U
and V) and air and dew point temperatures (Ta and Td) at mandatory levels from 7
upper-air stations located at different topographic conditions from Argentina and Chile
were compared with the WRF simulations (WRF_GFS and WRF_ERA) derived by the
innermost domain of 9 km grid spacing (Figure 1). We must emphasize that the radio
soundings available for our study come from stations located northern of latitude 40°S
and are sparse and discontinuous on time. The density of atmospheric rawinsonde
observations employed in the Three-Dimensional Variational with a 6-hour analysis
window (6-hourly 3D-VAR) and Four-Dimensional Variational with a 12-hour analysis
window (12-hourly 4D-VAR) Data Assimilation systems for NCEP-GFS and ERA-Interim,

respectively for the study period is depicted in Table 2. NCEP-GFS employed
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the majority of the weather stations mentioned in Table 2 at 12:00 UTC but at 00 UTC
only stations located at Easter Island and Santo Domingo were used. However, the
ERA-Interim documentation only indicates the list of radiosonde stations covering
the period from ~1970 to December 2011. Any other particularly information about
specific observation type (time, day and station) is not publicly available. This situation

is expressed in ERA-Interim column in Table 2 with blank cells.

Agreement between simulated and measured values for all variables at mandatory
levels was evaluated using several performance parameters: Root Mean Square Error
or Total Error (RMSE), Mean Bias Error (MBE), Unbiased Root Mean Square Difference
(RMSD), Variability Error (cbias), Dispersion or Phase Error (DISP) and Amplitude Error
(MBE+cobias). A detailed description of selected values and their relation with the
model performance can be found in Appendix B. Moreover, the same statistical
parameters were used to analyze the simulated horizontal wind directions. Since this is
a variable vector, we used the mathematical expressions proposed and described in

Berens (2009) and Carvalho et al. (2012).

As an example, Table 3 shows the performance evaluation of both configurations for
WD for the 1000 hPa level, in each upper-air station and for the different types of
error. In Table 3, it can be observed that in each station, the configuration with the
best behavior or success was chosen; namely, that which generated the minimum
error in absolute value. Here, for instance, we see that in the Santo Domingo station
(Chile), the minimum MBE and cbias were given by WRF_ERA. However, in the same
city, the minimums of DISP, RMSD and RMSE were given by WRF_GFS. The MBE+acbias
sum constitutes the amplitude error, which in WD at 1000 hPa was equally
represented by both configurations. Finally, the Relative Frequency of each
configuration was defined. For that, we counted the total number of cases for each
model configuration that represented the best scenario and we scaled them with total
sample size (N). N is given by the sum of the sub-sample sizes in each type of error, i.e.:
the number of cases counted as success for WRF_GFS + the number of cases counted
as success for WRF_ERA, for all mandatory levels. The sample size will depend on the

number of mandatory levels with valid data and the number of best agreement
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coincidences. In Tables 4 and 5, the Relative Cumulative Frequency of WRF_GFS and
WRF_ERA is the sum of all the Relative Frequencies at all mandatory levels and for
each configuration. It is important to note that the statistical parameters that
equalized (due to the absence of observational data, for instance) were not

considered.

2.2.4 Volcanic modelling evaluation

Space-borne remote sensing has long been a key tool in volcanic ash detection and
monitoring (e.g., Shibata and Kinoshita, 2016). Meteorological and volcanic ash cloud
discrimination using remote sensing is based on average properties of volcanic
aerosols (Prata, 1989; Yu et al.,, 2002). Prata (1989) found that the Brightness
Temperature Difference (BTD) at 10.8 um and 11.9 um is negative for a volcanic cloud,
and positive for a meteorological cloud, due to the stronger dispersive nature of

silicates compared to water and ice particles.

MODIS, on-board the Terra (EOS AM) and Aqua (EOS PM) satellites, is a passive,
imaging spectroradiometer carrying 490 detectors, arranged in 36 spectral bands that
cover the visible and infrared spectrum (King et al., 1992). Both satellites are polar-
orbiting, with Terra on a descending orbit (southward) over the equator about 10:30
local sun time, and Aqua on an ascending orbit (northward) over the equator about
13:30 local sun time (Guenther et al., 1998). MODIS offers a daily coverage of the
Earth, a very important attribute to study volcanic processes which are sporadic and
dynamic events. Due to its spectral characteristics, MODIS data can be used to quantify
volcanic ash, ice, sulphates and sulphur dioxide using their thermal infrared (8—12 um)

transmission signature in high spatial and temporal resolutions.

In this work, the MODIS Level-1B calibrated and geolocated radiances (MODO02) from
Terra products with channels centered on 11 and 12 pm (channel 31 and 32,
respectively) was used to identify volcanic ash features based on BTD for June 6 2011
at 14:25 UTC (Carn et al., 2009; Thomas and Prata, 2011). MODO02 has a high spatio-
temporal frequency (1 km-pixel resolution, twice per day) and is georeferenced by
MODIS geolocation dataset (MODO03) from the same satellite. On the same day, this

result was compared with the differences between the ash mass load of
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FALL3D+WRF_GFS and FALL3D+WRF_ERA. It is well known that the two-band infrared
algorithm works best when the eruption is large and strong (Rose and Mayberry, 2000)
and where the BTD is large enough to counteract the effects of atmospheric moisture,
i.e. in non-tropical ocean regions, as seen in Yu et al. (2002). Moreover, specific
environmental conditions like the presence of a cold background scene or the
existence of great amounts of water, ice and large particles ejected in the volcanic
cloud can work against the effective use of this technique (Prata et al., 2001). For this
reason, in the following section, a BTD (11 — 12 um) < -2 K was used to facilitate the
identification of ash pixels. Moreover, the differences in the ash concentration for
several FL provided by FALL3D+WRF_GFS and FALL3D+WRF_ERA and the synoptic and
dynamic situation derived from WRF_GFS and WRF_ERA were described for this
specific date. Additionally, the differences between the ash mass load of

FALL3D+WRF_GFS and FALL3D+WRF_ERA were evaluated for another days.

3 Results

3.1 Sensitivity analysis of the meteorological parameters
Tables 4 and 5 show the behavior of each configuration for all the errors detailed in
section 2.2.3. Table 4a shows the behavior of each configuration in relation to the
RMSE total error. According to this table, WD was, in general, more accurately
represented by WRF_GFS at pressure levels between 1000 hPa and 300 hPa, while the
remaining pressure levels were better evaluated by WRF_ERA. Variables U, V and Ta
have a similar behavior to WD. Comparisons of the two WRF configurations for U and V
with observations showed that wind intensity was better represented by WRF_GFS at
pressure levels between 925 hPa and 300 hPa. In turn, Td was better represented by
WRF_ERA at most levels, except for levels between 700 hPa and 300 hPa. Results for U

and V reflect a direct impact on wind intensity and direction.

The contributions of other errors to the RMSE are shown in Tables 4b-c and 5a-b. The
accuracy of the configurations was evaluated by means of the MBE (Table 4b) while

their precision was evaluated using the RSMD (Table 4c). In addition, the contributions
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made to the RMSD were evaluated through the cobias (Table 5a) and the DISP (Table

5b). The different types of errors for each variable had tendencies similar to the RMSE.

Although the RMSE cannot be considered as the sum of the amplitude and phase
errors or the sum of the accuracy and precision errors, since successful cases were
being considered, general behaviors may anyway be described. From Tables 4b-c and
5a-b, we can thus conclude that the best WRF_GFS performance in relation to the
RMSE, in general for levels 1000 hPa and 300 hPa, for WD, U and Ta, was explained by
MBE+cbias. However, the WRF_GFS RMSE of the V and Td variables for those same
levels was given by DISP. In addition, the best WRF_ERA performance in RMSE, in
general observed at high levels, for Ta and Td was given by MBE+cbias and for WD, U
and V, by DISP.

3.2 Volcanic Ash simulation
With PCVCC located at the center left of the image, Figure 2 shows the dispersion of
the volcanic plume along different axes for June 6 2011 around 14:25 UTC. As it can be
observed, the ash plume developed in the Northeast direction, then turned Southeast
and finally moved over the Atlantic Ocean. This typical triangular shape, due to the
contribution of ash emissions from earlier hours and to wind configuration, was
evidenced by the ash mass load given by FALL3D+WRF_GFS and FALL3D+WRF_ERA,
shown in Figures 2a-b, respectively, and was also captured by the MODIS image,
processed by the Prata algorithm (Figure 2c). Figure 2d shows the change in direction
between the FALL3D+WRF_GFS and the FALL3D+WRF_ERA configurations, mainly
observed in the region that stretches between latitudes 37°S and 42°S and longitudes
72°W and 68°W. The area with positive values in Figure 2d shows the region for which
the ash mass load given by FALL3D+WRF_GFS overestimated FALL3D+WRF_ERA
(negative values, the opposite condition). The same figure indicates that near the
source, the horizontal wind direction given by FALL3D+WRF_GFS developed more
toward the North than FALL3D+WRF_ERA, more in accordance with the direction of
the plume described by the MODIS image (Figure 2c) in the northeastern end
corresponding to coordinates 37°S-68°W. In this sense, the non-parametric Mann-

Whitney U test (Mann and Whitney, 1947), with a confidence interval of 95%, applied
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in the domain stretching between longitudes 75.70°W and 57.75°W and latitudes
32.8°S and 40°S, indicated that for the ash mass load samples of June 6 2011 derived
from FALL3D+WRF_GFS and FALL3D+WRF_ERA are statistically different (p<0.05).

Figure 3 shows the differences in the contribution of ash for each height level provided
by simulations FALL3D+WRF_GFS and FALL3D+WRF_ERA for June 6 at ~14:25 UTC. This
figure shows that the mismatch between the two configurations can be observed at
the different height levels. However, the non-parametric Mann-Whitney U test
indicated the concentration levels derived from FALL3D+WRF_GFS and
FALL3D+WRF_ERA are statistically different for the levels between 1500 and 5000
m.a.s.l., which correspond to pressure levels between 850 hPa and 500 hPa. As shown
in Tables 4 and 5, for WD at these pressure levels, the WRF_GFS RMSE was lower and

it mainly consisted of MBE+cbias.

Figures 4-6 summarize the synoptic and dynamic situation on June 6 at 14:00 UTC at
850 hPa, 500 hPa and 300 hPa. Figure 4 shows the wind speed differences between
WRF_GFS and WRF_ERA at these levels. Here, we can see in latitudes above 40°S, ash
spreads more quickly out of the volcanic source due to the wind speed derived from
the WRF_GFS configuration. For example, at 850 hPa, the difference in wind speed
between the two configurations was of approximately 20%. In Figure 4, it can be
observed that the speeds from WRF_ERA (blue colors) were responsible for
erroneously carrying the plume Northeast (Figure 2d). Figure 5 shows the geopotential
height differences between WRF_GFS and WRF_ERA at 850 hPa, 500 hPa and 300 hPa.
Geopotential heights of the different constant pressure levels depend on the average
temperature of the layer from the surface up to the level under analysis. In this way,
the negative geopotential height anomalies (brown colors) in Figure 5 show that
WRF_GFS generates a layer mean temperature that is lower (colder) than the
temperature provided by WRF_ERA and, because of this, the thickness of the
atmospheric layer is thinner than that shown by WRF_ERA. Figure 6 shows the vertical
velocity anomalies between WRF_GFS and WRF_ERA at 850 hPa, 500 hPa and 300 hPa.
This figure shows that the largest anomalies in vertical velocity are found North of

latitude 40°S and East of the Andes Mountain Range. The negative vertical velocity
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anomalies (air descending) are related to the cold air masses shown by WRF_GFS in

Figure 5.

Figure 7 shows the evolution of differences between the ash mass load of
FALL3D+WRF_GFS and FALL3D+WRF_ERA. On June 5 at 9:00 UTC the ash cloud
presented a Southeast direction and on June 6 at 2:00 UTC the ash plume reached an
East direction in response to the prevalent winds. On the next day at 1:00 UTC the ash
cloud extended several kilometers in Northerly directions and then, at 19:00 UTC a
1,200 km long plume reached again the Southern Patagonia in Argentina and the
Atlantic Ocean. Figure 7 also evidences differences in direction between the
FALL3D+WRF_GFS and the FALL3D+WRF_ERA configurations mainly around 40°S. Such
as in Figure 2d, the positive values in Figure 7 indicate the area where the ash mass
load given by FALL3D+WRF_GFS overestimated FALL3D+WRF_ERA (negative values,
the opposite condition). In this regard, in the first three stages in the evolution of
volcanic ash clouds, when there was great volcanic activity, the Mann-Whitney U test
revealed significant statistical differences (p<0.05) between simulations. However, on
June 7 at 19:00 UTC, ash concentration decreased as a result of lower volcanic activity
and, therefore, the statistical difference between the two configurations was not
significant. Nevertheless, the differences in ash concentration between the two

configurations might be relevant from the receptor’s viewpoint.

4 Discussion
Wind direction primarily depends on the spatial distribution and the evolution of the
isobaric centers whereas wind speed depends on the intensity of the horizontal

pressure gradient.

In this work, we have found that changes in horizontal wind direction in the
meteorological models resulted in different performances of the dispersion model.
According to the analysis of Figure 2-d, for example, the plume direction described by
FALL3D+WRF_GFS (with a higher degree of agreement with the MODIS image) was
mismatched by 1° (about 100 km) near the source (and up to 1.5° (about 150 km) at

1000 km from the source), counter-clockwise of the plume direction described by
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FALL3D+WRF_ERA. This situation can be interpreted as a WD deviation of WRF_GFS
towards the West in relation to the WD of WRF_ERA. Even more, the turning of the
wind vector with height varies between both configurations due to differences in the
simulation of the horizontal temperature advection. A detailed analysis of wind
direction during the event showed that only those winds coming from levels of low
and intermediate heights (pressures > 300 hPa) are primarily responsible for the net
transport of the PCVCC plume at this more intense stage. In addition, a
misrepresentation of surface winds due to the complex topography and friction may

result in a negative bias in directional transport (delay) of the volcanic plume.

In addition in Figure 4, differences in wind speeds between WRF_GFS and WRF_ERA
(mainly in the pressure levels of 850 hPa, 500 hPa and 300 hPa) are also observed due
to variations in the geopotential height fields (Figure 5). This causes the WRF_ERA
configuration to predict a more eastward position of the low pressure systems
(advanced system in relation to WRF_GFS). In spite of this, according to Table 5b,
WRF_ERA had fewer cases of minimum phase errors for Ta at low and intermediate

levels (except for 700 hPa and 500 hPa).

According to this analysis, special attention should be given not only to horizontal wind

direction but also to horizontal wind intensity and geopotential heights.

Jet aircraft encounters with volcanic ash between 1980 and 1998 have caused more
than 250 million dollars in damage to aircraft engines, avionics and airframes not only
in areas close to the volcanic eruption but also at distances of up to 3000 km from the
source (Miller and Casadevall, 2000). In addition, between 1953 and 2009, at least 100
encounters between ash clouds and civil jet aircraft were reported (Figure 1 in Guffanti
et al., (2010)), which is mainly the result of inexistent or inaccurate estimations of ash
cloud location. On that subject, during June 2011, the PCCVC eruption caused flight
cancellations in Argentina’s two main airports located in Buenos Aires: Jorge Newbery
and Ezeiza. For example, on 8 June 2011, the simulated flight levels FL150 and FL300
(which corresponding to 5000 m.a.s.l. and 9000 m.a.s.l. respectively) in both airports
were estimated by FALL3D+WRF_GFS to be ~2400 pg/m?® and ~6000 pg/m’ by

FALL3D+WRF_ERA. Therefore, FALL3D+WRF_ERA generated concentrations that
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exceed the value described by FALL3D+WRF_GFS by more than 50%. As shown in Table
1 in Raga et al. (2013), flights operations at Jorge Newbery and Ezeiza airports were
not cancelled on June 8 2011. Since the Buenos Aires VAAC has no records of
admissible ash concentration limits for flights, London’s VAAC standard may be
considered instead (Witham et al., 2012). According to this classification, the results of
the FALL3D+WRF_GFS system corresponded to a medium contamination area while
FALL3D+WRF_ERA, to a high contamination area. Considering a null hypothesis with
mean ash concentrations found at site over 4000 ug/m3 and an alternative hypothesis
with a level below 4000 pg/m*, and considering that flights scheduled were not
cancelled (which would imply concentrations< 4000 ug/ma) on June 8 2011, the
FALL3D+WRF_GFS diagnosis generated an output that is more consistent with what
happened (alternative hypothesis). In this context, with the FALL3D+WRF_ERA system
as reference, a Type Il error would have been generated, which would have concluded
that ash concentrations at heights did not comply with London’s VAAC standards and,
therefore, those flights would have been cancelled. This situation highlights the
importance of evaluating meteorological uncertainties using the volcanic ash
modelling system. Moreover, the eventual adoption by ICAO of other quantitative
safety thresholds of ash concentration would also have important implications for

modelling strategies.

5 Conclusions

In this study, we evaluated the effects of the ERA-Interim reanalysis and the NCEP-GFS
analysis used as dynamic conditions of the WRF model, on the dispersion of volcanic
ash calculated by FALL3D, as well as the propagation of the meteorological errors in
the transport model in the SVZ region. The case used for analysis was the eruption of

PCCVC, which took place during a 10-days period on June 2011.

It was proposed that the FALL3D+WRF system is sensitive to changes in dynamic
conditions (ERA-Interim and NCEP-GFS) and, therefore, such conditions might affect
the simulation of the volcanic ash dispersion. In this work, we hypothesized that the
greatest uncertainty in the meteorological variables that are transferred to the ash

dispersion model would be in the horizontal wind direction.
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In the first stage of this work, the methodology applied allowed us to evaluate, for the
radio sounding stations set, the performance of the WRF model combined with NCEP-
GFS and ERA-Interim in relation to the representation of different error types (RMSE,
RMSD, MBE, MBE+cbias and DISP). The study showed that the performance of
WRF_GFS and WRF_ERA errors depend on height. In this context, the statistical
analysis revealed that, in general, for the variables analyzed, WRF_GFS had a better

performance mainly between 925 hPa and 300 hPa.

In the second stage of this work, due to the differences between the ash mass load of
FALL3D+WRF_GFS and FALL3D+WRF_ERA evidenced by MODIS, the dominant
meteorological conditions of WRF_GFS and WRF_ERA were analyzed from a synoptic
and a dynamic perspective. The main goal was to determine which physical processes
contributed to establishing differences in the net transport of the volcanic plume
between the two configurations. At first we observed that the differences in the ash
mass load between FALL3D+WRF_GFS and FALL3D+WRF_ERA were a result of the
existing differences in horizontal wind direction between WRF_GFS and WRF_ERA.
However, we found that those differences in horizontal wind direction and intensity
are the consequence of differences in the horizontal gradients of the geopotential
heights between the two meteorological simulations at the different atmospheric
levels. Therefore, it should be noted that the geopotential height fields generated by
WRF_GFS show more intense high and low pressure systems, which in turn cause the
higher intensity of the winds in study area. In addition, WRF_GFS generates a layer

mean temperature lower (colder) than that given by WRF_ERA.

The main conclusion of this study emphasizes that it is not the same to use any
dynamic condition in the meteorological model in order to simulate volcanic ash
dispersion in the SVZ region. According to Roberts and Knippertz (2014), it is
noteworthy that the largest impact on WRF simulation outputs come from varying the
initial and boundary conditions (i.e. NCEP-GFS analysis or ERA-interim reanalysis)
rather than changes within the WRF model physics itself. The difference between
varying these global products is given by differences between the 6-hourly 3D-VAR and
the 12-hourly 4D-VAR data assimilation systems employed by NCEP-GFS and ERA-
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Interim respectively. These assimilation systems can be affected by: 1) observational
data availability to be assimilated and 2) observational data density assimilated for
them. With respect to the first point, as shown in section 2.2.3 and Table 2,
observational data availability to be assimilated can differ for analysis and reanalysis
because for example in situ upper-air measurements may not always be regularly
available. Additionally, 4D-VAR is more sensitive to data availability since it fills in gaps
in output variables, especially in data-sparse regions, and constrains variables to be
more physically consistent (Smith et al., 2014). Regarding the second aspect, 4D-Var
uses observational data at their actual time of measurements and all temporally
continuous observational data available within a 12-hour analysis window, with its
corresponding varying error covariances in time. While 3D-Var treats observational
valid data at 00, 06, 12 or 18 UTC, it uses temporally continuous observational data
only close to synoptic times (6-hour analysis window) with static error covariances. In
consequence, the temporal averaging or smoothing intrinsic in 4D-VAR may affect

WRF_ERA results (see for example, Rood and Bosilovich, 2010; Smith et al., 2014).

The second conclusion of the study is that, at regional scales, special attention should
be given not only to the propagation of errors caused by wind direction and intensity,
but also to errors derived from the geopotential heights, since these will have an
impact on the net transport of horizontal and vertical dispersion caused by volcanic

ash turbulence as well as on volcanic plume transport speed.

The third conclusion of this work is that NCEP-GFS would seem to be the best option to
use as initial and lateral boundary condition of the WRF model in the SVZ region. In this
way, the system that results from the combination of the WRF model initialized with
NCEP-GFS and the FALL3D dispersion model would provide reasonably accurate results

in order to estimate the position of the ash plume and deposit in the SVZ region.

This study lays a good foundation for the development of an ash dispersion modelling

system based on a prior evaluation of meteorological errors.
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Appendix A: Comparison between NCEP-GFS and ERA-Interim datasets in the

southern cone of South America.

Widespread used reanalysis include the National Center for Environmental
Prediction/Global Forecast System (NCEP-GFS hereafter) and the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-Interim, covering the data since
2004 and 1979 respectively. Since these datasets present different spatial resolution
and are initialized with a wide variety of weather observations, including satellite
measurements, it is expected that meteorological continuous simulations, with one
single initialization of large-scale fields and frequent updates of boundary conditions
from different dynamic conditions, produce dissimilar outputs. Furthermore, NCEP-GFS
is assimilated using a 6-hourly Three-dimensional Variational Assimilation Data system
(3D-VAR), but ERA-Interim is based on a 12-hourly Four-Dimensional

Variational Assimilation Data system (4D-VAR).

To illustrate the differences between both reanalysis and analysis we present Figure
A1, which shows, as example, the spatial difference between air temperature patterns
in the Southern Volcanic Zone (SVZ) region for different standard pressure levels at
June 06 2011 at 12:00 UTC. The data used for this comparison have been gridded onto
a 0.5° and 0.75° longitude—latitude grid for NCEP-GFS and ERA-Interim, respectively.
From this figure, slight differences in air temperature over water (between 75°W and
80°W) at all pressure levels can be noticed. The basic features present in NCEP-GFS are
very similar to those observed in ERA-Interim. Most notable is the contrasting warm

and cold regions over land, particularly at latitudes lower to 40°S.

The main differences between NCEP-GFS and ERA-Interim at 850 hPa seem to occur
preferably over the continent. Both patterns agree well to represent the latitudinal
temperature gradient, although minor local differences in their magnitude are also
apparent. Examining the Figure Al, it is evident that the ERA-Interim and the NCEP-GFS
values have compare better at the 500 hPa, although NCEP-GFS air temperatures are
slightly higher at low latitudes over land. The most significant discrepancy between
analysis and reanalysis occurs at high levels (i.e.: 300 hPa) with differences up to 5°C.

It is also interesting to note that the minimum values of air temperature at 300 hPa are
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located over land on the center part of the continent in NCEP-GFS, but for ERA-Interim,
they extend over the Atlantic Ocean. In Figure Al, local minima and maxima are seen

over the same regions, but with different values.

It is worth also mentioning, that significant differences due to the available
observations between both global data at these regions cannot be excluded; because
it is unclear how many real measurements (e.g., radiosonde data) went into the

reanalysis/analysis at these locations.
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Figure Al: Air-temperature (°C) for NCEP-GFS and ERA-Interim in the SVZ region at three standard
pressure levels (850 hPa, 500 hPa and 300 hPa) (Date: June 06 2011 at 12:00 UTC).

Appendix B: Statistical analysis summary.

Model agreement to measurements was evaluated using several performance
statistics: Root Mean Square Error or Total Error (RMSE), Mean Bias Error (MBE),
Unbiased Root Mean Square Difference (RMSD), Variability Error (obias), Dispersion or
Phase Error (DISP) and Amplitude Error (MBE+cbias).
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Given 05"™ and 8°PS which represent simulated and observed time series of a
meteorological variable, respectively, the Error can be defined as the difference
between the variable simulated value (85™) and the variable observed value (6°P%),
for each time interval i (1). The time interval i range from 0 to k, where k is the total

number of pairs of simulation/observed records.

The Total Error (RMSE) is the square root of the mean/average of the square of all of

the Error which is called Mean Square Error (MSE) (2).

RMSE can be broken down into two components (2), as shown in several studies
(Takacs, 1985; Hou et al., 2001; Lange, 2005), one related to the bias error (MBE) and
another, the unbiased error (RMSD). Bias can be defined by means of MBE and it is
calculated (3) as the difference or bias between simulated and observed mean values,
05 and Qobs respectively, which allows data tendency to be evaluated. A positive bias
indicates that simulations overestimate the observed values and a negative bias

indicates the opposite.

RMSD (4) is a measure of the error variability around its mean. RMSD is made up of
different terms. The first of these is obias (5), which quantifies the errors due to the
simulation’s lack of accuracy through simulated and observed standard deviations,
o%'™ and o°PS respectively. The DISP error (6) contributes the phase errors to RMSE,
and it is estimated through ¢%™, 6°PS and the Cross-correlation coefficient between
0s'™ and 0°PS (R). Additionally, obias is related to Amplitude Error like MBE (7). It
should be noted that phase errors are statistically interpreted in terms of Cross-
correlations and not as phase changes in two time series. Phase errors constitute a
serious setback to the model’s performance. Amplitude errors, on the other hand, can

be resolved by means of linear correlations.

31



Errors Expressions Ref. in text

Error 0; = 65im — 9> =0k (1)

k
1
RMSE = 3/MSE where MSE = —Z 0?2
RMSE k& (2)

RMSE = /MBE? + RMSD?

k
1 fsm b
MBE = ;Z 6, = 6s1m — gobs
i=0
where
1 k
MBE psm = Ez psim (3)
i=0

and

k
gobs — %Z ei)bS
i=0

RMSD = vV RMSEZ — MBEZ
RMSD and RMSD? = cbias?+ DISP? (4)

then RMSE = vVMBE2 + obias2+ DISP?2

obias obias = ¢%m — g°bs (5)
DISP DISP = /205imgobs(1 — R) (6)
Amplitude Error MBE + obias (7)

Table Al: Typical errors used to evaluate the model’s performance.
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Tables

Vertical
Type of Horizontal Standard Temporal Time Assimilation
Database sigma
dataset resolution pressure levels resolution coverage System
levels
0.5°x0.5°
26
(~55 km 2004- 6-hourly
NCEP-GFS Analysis (from 1000 hPa 60 Each 6 hours
horizontal present 3D-Var
to 10 hPa)
resolution)
0.75°x 0.75°
37
(~79 km 1979-near 12-hourly
ERA-Interim  Reanalysis (1000 hPato 1 64 Each 6 hours
horizontal present 4D-Var
hPa)
resolution)
Table 1: main characteristics of the NCEP-GFS and ERA-Interim datasets.
Countr ID Latitude | Longitude | Altitude Ubper-air station NCEP- ERA- This
Y | wmo® s) (*W) (m.a.s.l.) PP GFS | Interim® ]
study
85442 -23.43 -70.43 120 Antofagasta/Cerro *
85469 -27.15 -109.42 47 Easter Island *
85543 -32.78 -71.52 8 Quintero (Mil)
Chile 85574 -33.38 -70.78 476 Pudahuel/Arturo
85586 -33.65 -71.62 75 Santo Domingo * *
85799 -41.42 -73.08 86 Puerto Montt/Tepual * *
85934 -53.00 -70.85 37 Punta Arena *
87047 -24.85 -65.48 1216 Salta *
87155 -27.45 -59.05 52 Resistencia *
87344 -31.32 -64.22 474 Cdrdoba * *
. 87418 -32.83 -68.78 704 Mendoza/El Plumerillo * *
Argentina - -
87576 -34.82 -58.53 20 Buenos Aires/Ezeiza * *
87623 -36.57 -64.27 191 Santa Rosa * *
87715 -38.95 -68.13 271 Neuquén
87860 -45.78 -67.50 46 Comodoro Rivadavia * *

Table 2: summarized information about upper-air station used by NCEP-GFS, ERA-Interim and our

study.

®ID WMO is a five digit number (ID) assigned to this weather station by the World Meteorological

Organization (WMO): ftp://ftp.wmo.int/wmo-ddbs/Radiosondes.xls

®The blank cells indicate that information about specific observation type (time, day and station) is not

publicly available.

© Upper-air stations located within the innermost domain of 9 km grid spacing (D02) in Figure 1.
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Errors
Upper-Air Stations RMSE MBE cbias DISP RMSD
Buenos Aires WRF_GFS WRF_GFS WRF_GFS WRF_GFS WRF_GFS
Comodoro Rivadavia - -0 - - -
Cordoba - - - - -
Mendoza - - - - -
Puerto Montt WRF_GFS WRF_GFS WRF_ERA WRF_GFS WRF_GFS
Santa Rosa - - - - -
Santo Domingo WRF_GFS WRF_ERA WRF_ERA WRF_GFS WRF_GFS
Total WRF_GFS 3 3 3
Total WRF_ERA
Relative Frequency of WRF_GFS 4.1 2.7 1.4 4.4 4.1
Relative Frequency of WRF_ERA 0.0 1.4 2.7 0.0 0.0
N 73 73 73 68 73

Table 3: Rrelative Frequency for the full set of statistical indicators and upper air stations for wind

direction (WD) at 1000 hPa.

(*) The mark (-) indicates that both configurations have the same results.
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Mandatory Pressure levels (hPa) Relative
Variable | Confi ti N Cumulative
ariable | Configuration | =
& g|In|&|2|8|&8|l8|&|8|&]S5 Frequency
o [, ] o o o o o o o o o
(%)
a) RMSE
WD [] WRF_GFS 41168182 |68]82|82|68|41|41]68]41 7 68.5
WRF_ERA 0027114271414 |27 ]|55]|55]27]5.5 315
WRF_GFS 41154154|68|68|68|68|54(00]|27]54 55.4
U [m/s] 74
WRF_ERA 14141 (411272727127 ]|41]195]68]|4.1 44.6
WRF_GFS 14154(68|54|168|68[|41|41]|14)54]|27 50.0
V [m/s] 74
WRF_ERA 4114112741127 |27]|54]|54]|81|41]6.8 50.0
Ta[c] WRF_GFS 27195(81|54|81|68(81]|27|41]|41]|54 74 64.9
a
WRF_ERA 27100(14|41|14|27|114]|68|54]|54]|41 35.1
Td[°c] WRF_GFS 00)44|44|59|88|88|74]|]00|15]0.0]|0.0 68 41.2
WRF_ERA 5959|5944 |15]|15|129|88|74]|88]5.9 58.8
b) MBE
WD [] WRF_GFS 27155|68|68|68|55|55]|41|41]55]|41 7 57.5
WRF_ERA 14141 (2712712741141 |55]|55]41]|55 42.5
WRF_GFS 27181(81|54]|27|41|54]|68|14]|54]|54 55.4
U [m/s] 74
WRF_ERA 271411414168 |54(141]127]181|41]41 44.6
WRF_GFS 4115414127141 |54|54]|54|68]|27]6.8 52.7
V [m/s] 74
WRF_ERA 14141 (541685441141 |41]|27)68]|27 47.3
Ta[c] WRF_GFS 00]81|54|68|68|68[27]00|27]|14]|54 74 45.9
a
WRF_ERA 541144112727 |27]|68]|95|68]81]|41 54.1
Td Q] WRF_GFS 15174 (741887459144 ]|00]15)00]0.0 68 44.1
WRF_ERA 4412912915129 |144|59]|188|74|88]5.9 55.9
¢) RMSD
WD [] WRF_GFS 41155]|55(41141)182(41|41]|14|68]|14 7 49.3
WRF_ERA 0041|411 |55]|55|14]|55]|55(|82]27]|82 50.7
WRF_GFS 41154154 |68|68|68|54|54|41|41]54 59.5
U [m/s] 74
WRF_ERA 14141 (4112712727141 |41]|54)54]|4.1 40.5
WRF_GFS 14154 (54141546827 |27]|14]54]|27 43.2
V [m/s] 74
WRF_ERA 41141)141(54141]127|68]|68]81|41]6.8 56.8
Ta[c] WRF_GFS 41181)181(54]54]|54|95]54]68|54]4.1 74 67.6
a
WRF_ERA 14114114 )141|41141)100|41|27|41]|54 32.4
Td[C] WRF_GFS 002914414488 )88|74]|00]15]|15]29 68 42.6
WRF_ERA 59(74159|59(15]15|29|88|74|74]229 57.4

Table 4: relative Frequency for all statistical indicators and upper air stations for WD, U, V, Tay Td:

a) RMSE, b) MBE and c) RMSD.
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Mandatory Pressure levels (hPa) Relative
Variable | confi i N Cumulative
ariable | Configuration | =
& gs|In|2|l2[8]|8|8|&|[28|[&]| 8 Frequency
o [, ] o o o o o o o o o
(%)
a) obias
WD [] WRF_GFS 14(168]|68|68|55]|68|68|14(|55]55]5.5 7 58.9
WRF_ERA 2712712727141 127 27824114141 41.1
WRF_GFS 27154141|54]|54]181|68|68]|68|54|54 62.2
U [m/s] 74
WRF_ERA 2714115441141 |114|27]|27]27 41|41 37.8
WRF_GFS 1454|141 |54|54|114141|27(41]|27|54 41.9
V [m/s] 74
WRF_ERA 4114115441141 |181]|54]68|54(68]4.1 58.1
Ta[c] WRF_GFS 41168|54|41168|68|68|41|54(41]27 4 56.8
a
WRF_ERA 1427141542727 127|54(41]54]6.8 43.2
Td[°c] WRF_GFS 15(29]129|144|59|44144|15|15]88]5.9 68 44.1
WRF_ERA 4417417459144 |59|59|74|7.4(0.0]0.0 55.9
b) DISP
WD [] WRF_GFS 441595944144 |174|144129|15(74]15 68 50.0
WRF_ERA 0014414459159 |15|44159|74|15]8.38 50.0
WRF_GFS 29158143|58]58|58|43|43]129(43]|29 49.3
U [m/s] 69
WRF_ERA 291431584343 |143|43|43]158[|43(5.8 50.7
WRF_GFS 291581584372 187|43|14 11414314 47.8
V[m/s] 69
WRF_ERA 29143143 |58|29|114|43|72172143|7.2 52.2
Ta[c] WRF_GFS 4317117143143 |57|86|7.1|57(43]4.3 20 62.9
a
WRF_ERA 14129]129|57|57]|43114|14(29]431|4.3 37.1
Td Q] WRF_GFS 00147|47]|63]178|94]|78]|16|16|0.0]0.0 64 43.7
WRF_ERA 63]163]63|47]3.1]16|3.1]|63]|63|78|4.7 56.3

Table 5: relative Frequency for all statistical indicators and upper air stations for WD, U, V, Ta y Td:

a) obias and b) DISP.
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Figure 1: Modelling domains (D01 and D02) for the WRF model (solid lines) and FALL3D model

(dotted line) containing terrain elevations (m.a.s.l.). Red dots indicate the upper air meteorological sites.

The triangle mark indicates the location of the PCCVC.
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Figure 2: Ash dispersion for June 6th 2011 at ~14:25 UTC (outputs from FALL3D are averaged for

14:00 UTC and 15:00 UTC): a) Simulated ash mass load (g/m2) using FALL3D with WRF_GFS
configuration; b) Simulated ash mass load (g/m2) using FALL3D with WRF_ERA configuration; c)
Brightness temperature difference (K), MODO2 Level 1B dataset, d) Ash mass load difference (g/m?2)
between the simulations FALL3D+WRF_GFS and FALL3D+WRF_ERA (Panel a — Panel b).
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Figure 3: Concentration difference (ug/ma) by four levels between the simulations WRF_GFS and

WRF_ERA for June 6, 2011 at ~14:25 UTC (outputs from FALL3D are averaged for 14:00 UTC and 15:00
UTC) at: a) 500 m.a.s.l. (~*FL20 or 925 hPa); b) 1500 m.a.s.l. (~FL50 or 850 hPa); c) 3000 m.a.s.l. (~FL90 or
700 hPa) and d) 5000 m.a.s.l. (~*FL200 or ~500 hPa).
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Figure 4: Horizontal wind speed anomalies (WRF_GFS ~WRF_ERA) for June 6, 2011 at 14:00 UTC in

m/s at: a) 850 hPa (~FL50 or ~1500 m.a.s.l.); b) 500 hPa (~FL200 or ~5000 m.a.s.l.) and c) 300 hPa
(~FL300 or ~9000 m.a.s.l.)

39



b) c)

30°S

35°S 35°S
40°S 40°S
45°S

45°S

75°W 70°W 65°W 60°W 55°W 75°W  70°W 65°W 60°W 55°W 75°W  70°W 65°W 60°W 55°W

T T [ [ [ ] i —
-10-8 6-4-202 46 810

Figure 5: Geopotential height anomalies (WRF_GFS ~WRF_ERA) for June 6, 2011 at 14:00 UTC in gpm

at: a) 850 hPa (~FL50 or ~1500 m.a.s.l.); b) 500 hPa (~FL200 or ~5000 m.a.s.l.) and c) 300 hPa (~FL300 or
~9000 m.a.s.l.)
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Figure 6: Vertical velocity anomalies (WRF_GFS —~WRF_ERA) for June 6, 2011 at 14:00 UTC in m/s at:

a) 850 hPa (~FL50 or ~1500 m.a.s.l.); b) 500 hPa (~FL200 or ~5000 m.a.s.l.) and c) 300 hPa (~FL300 or
~9000 m.a.s.l.)
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Figure 7: Ash mass load difference between the simulations FALL3D+WRF_GFS and

FALL3D+WRF_ERA in g/m2 for: a) June 5, 2011 at 9:00 UTC; b) June 6, 2011 at 2:00 UTC; c) June 7, 2011
at 1:00 UTC; d) June 7, 2011 at 19:00 UTC.
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Highlights

e The FALL3D+WRF modeling system is sensitive to changes in dynamic
conditions in Southern Cone

e ERA-Interim and GFS dynamics conditions produce different
geopotential heights

e GFS analysis is the best dynamic condition option for ash transport in the
Southern Volcanic Zone
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