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ARTICLE INFO ABSTRACT

Keywords: Understanding the development of fire-generated thunderstorms in mega fire events is important given their high
pyroCb impact on the evolution of the fire fronts, where the fire spread becomes highly unpredictable and difficult to
Mega fires

suppress. This study aims to investigate numerically the influence of strong pyro-convective activity on the local
atmospheric conditions by means of a numerical simulation based on the coupled Meso-NH/ForeFire code. To
our knowledge, it is the first time that the effect of wildfire spread on the local atmospheric conditions is
accounted explicitly in a high-resolution NWP model to investigate pyro-convection activity. More specifically,
we study numerically the Portuguese Pedrégao Grande mega fire, which was one of the most destructive and
deadliest wildfire hazards affecting the Mediterranean region in the recent years. The spatio-temporal propa-
gation of the wildfire was assigned a priori on the basis of the official investigation's reports, while the impact of
the forced fire evolution and of the ensuing heat and water vapour emissions on the local atmospheric conditions
is accounted explicitly. The simulation, configured with very-high spatial and temporal resolutions, was capable
of resolving the intense convective column reaching the upper troposphere and the fast development of the
associated cloud system. The numerical fire produced intense updraughts with vertical velocities above 15 m/s,
whereas the associated pyroCb cloud was composed by five different hydrometeor species along the main
convective column and reached an altitude of 10 km. It is remarkable that the numerical experiment reproduced
phenomena occurring at a fine scale related to cloud microphysics, such as very-localized outflows. This study,
based on a coupled numerical simulation, was capable of illustrating in detail the development of a pyroCb cloud
from strong pyro-convective activity.

Meso-NH model
ForeFire model
Pedrégao Grande fire

1. Introduction

Extreme wildfires are frequently associated with strong convective
processes due to the release of heat and moisture. However, the evolu-
tion of the local atmospheric conditions surrounding the fire is not fully
understood, and some associated phenomena (strong gusts, fire accel-
eration, wind shifts) are still poorly quantified.

The local atmospheric environment surrounding the fire may present
the formation of convective clouds, also referred as pyroCumulus
(pyroCu) or pyroCumulonimbus (pyroCb). PyroCu is more common and
forms as a cloud within a fire's plume, and is a necessary precursor to
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pyroCb. PyroCb can be observed in plume dominated wildfires charac-
terized by an intense convective column, above which a cumulonimbus
(Cb) cloud develops. The formation of a pyroCb cloud requires a core of
buoyant plume rising to the level of free convection in an atmospheric
environment that enables deep, moist convection (Tory et al., 2018).
However, the presence of burning biomass and aerosols in the upper
troposphere influences the microphysics of such clouds, which includes
pyrometeors (e.g., McCarthy et al., 2019). Moreover, the fire-generated
cloud system can induce the ignition of new fires by lightning activity (e.
g., Lang et al., 2014) and condensation of moisture in the smoke plume
can enhance convection by releasing latent heat with updraughts
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penetrating the stratosphere (e.g., Fromm and Servranckx, 2003; Fromm
et al., 2010; Tarshish and Romps, 2022).

For instance, Peterson et al. (2018) showed that in August 2017 the
mass of smoke aerosol particles injected into the lower stratosphere from
five near-simultaneous pyroCb was comparable to a moderate volcanic
eruption. Fromm et al. (2021) studied the same time period and revealed
at least two pyroCb clouds injecting smoke above 13.5 km up to 2.5 km
above the local tropopause. Over Canada, the extreme pyroCb activity
recorded in August 2017 also resulted in a high-arctic smoke event
(Ranjbar et al., 2019). Gerasimov et al. (2019) revised the results of lidar
measurements of stratospheric aerosol over Tomsk (Russia) and
discovered traces of aerosol from pyroCb events that occurred in North
America a few weeks before. The presence of smoke in the lower
stratosphere over Tomsk was also recently identified by Cheremisin
et al. (2022) as a consequence of the Siberian wildfires in August 2019.
In the Southern hemisphere, in turn, a pyroCb outbreak in Australia
during the 2019/2020 summer injected large smoke particle amounts
into the lower stratosphere (e.g., Khaykin et al., 2020; Peterson et al.,
2021).

In general, pyroCb studies are based on remote sensing, which can
quantify and analyze these intense smoke events. However, some of the
pyroCb-related phenomena, crucial for the firefighter's safety as it may
drastically change the fire behavior, requires very high temporal and
spatial resolution to be fully resolved. For instance, McRae et al. (2015)
documented atypical local fire dynamics, in particular the fire chan-
neling phenomenon, also known as Vorticity-driven Lateral Spread
(VLS) (Sharples and Hilton, 2020), which resulted in a rapid, but also
sudden, spread of the fire front due to an interaction between fire, local
terrain, and atmospheric conditions.

Lareau et al. (2018) described a sequence of events leading to vortex
development at a pyroCb scale. The authors showed that a tornado-
strength vortex formed as a consequence of the pre-existing shear
zone during the rapid vertical development of the pyro cloud system.
According to Lareau et al. (2022), this phenomenon is potentially deadly
and poorly understood.

The study of pyroCb is made even more important by the fact that
climate change is likely to increase the number and the severity of
wildfires associated with extreme pyroCb's outbreaks (e.g., Dowdy et al.,
2019). Recently, Senande-Rivera et al. (2022) showed that the number
of days with high fire risk will increase significantly across southern
Europe, especially in the Iberian Peninsula and Southern France. In
2017, there were significant mega fires (i.e., a fire with a burned area
above 10,000 ha, Linley et al. (2022)) across mainland Portugal causing
more than one hundred fatalities in June and October (e.g., CTI Report,
2017; Guerreiro et al., 2018). Although the 2022 fire season only
recorded one mega fire in Portugal, Couto et al. (2022) showed that in
the last decade the actual number of active fires has grown in the
country. In particular, they reported a large fire event occurring during
the winter season, thus supporting the thesis that climate change is
likely to enhance occurrence of large fires out of the expected season.

The use of coupled fire-atmosphere simulations may provide a valid
support to an improved understanding of the complexities associated
with fire-atmosphere interaction. We address some of the major prob-
lems linked to mega fires, by studying in detail the influence of an
extreme wildfire on the atmosphere using a fire to atmosphere simula-
tion. In this work we investigate the pyro-convective activity by using a
numerical experiment, performed with the Meso-NH non-hydrostatic
atmospheric model coupled to the ForeFire fire propagation model. This
coupled code has been successfully used in the last years (e.g., Filippi
et al., 2018; Baggio et al., 2022; Campos et al., 2023), however, this is
the largest real case in which this coupled code has been applied. With
respect to cloud resolving models (e.g., Trentmann et al., 2006; Luderer
et al,, 2006; Cunningham and Reeder, 2009; Badlan et al., 2021a,
2021b), this coupled approach allows us to account explicitly for the
fire-to-atmosphere interactions.

The paper is organized as follows: the next section describes the
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methodology, whereas Section 3 contains the results that are discussed
in Section 4. The conclusions of the study are presented in Section 5.

2. Methodology

The Meso-NH is a full-physics non-hydrostatic limited-area research
model able to represent the atmospheric motions at different scales (Lac
et al., 2018). In this study, we exploited the Meso-NH grid-nesting
capability to progressively increase the horizontal resolution, by
dividing the simulated areas in nested domains, such that the finest grid
covers the region of the spreading fire. In this way, it was possible to
solve both close range fire to atmosphere interactions and large-scale
atmospheric effects while keeping reasonable computational costs.

The atmospheric model runs with a parameterization package of sub-
grid scale physical processes. The radiation parameterization is based on
the Rapid Radiative Transfer Model (Mlawer et al., 1997), whereas the
turbulence scheme is based on a 1.5-order closure (Cuxart et al., 2000).
In the inner domains, the full 3D turbulent fluxes scheme was activated
(Verrelle et al., 2015), while in the coarser domain only the vertical
fluxes were considered. Cloud microphysics is modelled by the ICE3 one-
moment bulk microphysical parameterization scheme (Pinty and
Jabouille, 1998). The scheme considers six categories of hydrometeors
and a prognostic equation for each one. Besides vapour, it predicts the
mixing ratio of other five water categories: cloud droplets, rain drops,
pristine ice crystals, snow-aggregates and graupel. The parameterization
of several microphysical processes allows the computation of the mul-
tiple complex interactions between the different hydrometeor types.
Despite the fact that the micro and nanoparticles emitted by the fire
significantly affect precipitation, in the simulations discussed below the
physics of aerosols is not accounted for. The observed fire induced
precipitation results from the heat and vapour injection reacting with
the water species present in the atmosphere. Since the spatial resolutions
considered in this study, deep and shallow convection are explicitly
resolved by the model.

Except for the evolving fire front, which is accounted by ForeFire, the
other processes involving surface-atmosphere interactions are computed
by the externalised platform of surface models, SURFEX (Masson et al.,
2013). The topography is obtained from the Shuttle Radar Topography
Mission (SRTM) database, whereas the surface has been characterized
from the ECOCLIMAP database and the Harmonized World Soil Data-
base (HWSD) soil databases (sand and clay) (Champeaux et al., 2005).

ForeFire is a fire propagation model that can be coupled to the Meso-
NH such that the effects of the temporal evolution of the fire front and
the ensuing energy and vapour fluxes are explicitly considered in the
atmospheric computations. The model considers the terrain slope, the
atmospheric properties, the spatial distribution and the combustion
parameters of the fuel. The fire propagation is assumed to occur
perpendicularly to the fire front (Filippi et al., 2009, 2011).

To evaluate the energy released by the fire, we consider that the
study region consists of large areas of mixed coniferous forest, the fuel
was assumed to be homogeneous following fuel model 11 from Ander-
son (1982) with an average of burning fuel load of 2.5 Kg.m 2 at 30%
humidity (0.75 Kg of water, 1.75 kg of combustible per square meter).
Combustion enthalpy is taken at Dh = 1.5 x 107 J/kg and evaporation
Dhw = 2.3 x 10° J/kg, which results in a total energy released after
drying of 2.4525 x 107 J/m?, but only 40% of this energy is assumed to
be effective fluxes heating the atmosphere, as combustion can be
incomplete and most of the energy is lost in radiation toward the ground
and to heat the combustible up to pyrolysis temperature. In the model
configuration, the resulting 0.75 kg/m? of water vapour and 10 x 10° J/
m? are released in the atmosphere at the location of the moving fire front
for a 1000s “burn duration”, resulting in instantaneous fluxes of 0.75 g.
m~2s of water vapour and 10 KW.m 2. In the model, fluxes are pre-
scribed at the resolution of the fire within the zone between the fire front
at a given time T and the fire front at T — burn duration. This leads to
substantial flame depth in areas where the front velocity is at its



FE.T. Couto et al.

maximum.

The treatment of heat fluxes in the ForeFire model can be found in
Filippi et al. (2009, 2018). The smoke plume will be illustrated using the
relative smoke tracer concentration variable (S). The description of the S
variable can be found in Baggio et al. (2022).

The MesoNH/foreFire code can be used in multiple settings. It is
possible to simulate the double feedback between the fire propagation
and the local atmospheric conditions, that is, the fire enhances the
convective motions near the front which in turn affect its spreading of
the fire (two-way coupling). Another possible setting is to directly
impose the evolution of the fire front with a pre-defined time of arrival
map (one-way coupling) and consider the effects on the atmospheric
conditions resulting from it. Indeed, a highly detailed fire evolution
map, based on the reports of the Portuguese authorities, is directly
available. In Fig. 1 we show the fire front at 2000 UTC, on 17th June, in
the two simulations (forced fire from observation and fully coupled).
While the fully coupled simulation yields similar pyroCb formations and
fireline shape when compared to observations, it cannot surpass the
accuracy of direct, highly detailed observations, which we use to mini-
mize uncertainty in fire behavior. Considering that in this work we are
mostly interested in the fire to atmosphere phenomena, we focus on the
latter approach.

The study considers the fires occurred in “Pedrégao Grande” (28,914
ha) and “G6is” (17,521 ha), both started on 17th June 2017. According
to Couto et al. (2020), the fires ignited under a dry thunderstorm
environment, marked by exceptionally hot and dry air at lower levels
and a more humid layer in the middle levels. The fire propagation map is
based on the maps presented in the official report of the Portuguese
authorities (CTI Report, 2017) and by Pinto et al. (2022). It is note-
worthy that “Pedrdégao Grande” fire started as a consequence of ignitions
in “Regadas” and “Escalos Fundeiros” and was the deadliest event
occurred in 2017, with >60 fatalities (e.g., CTI Report, 2017).

The experiment was designed with three two-way nested domains
with 300 x 300 grid points (Fig. 2). The outer domain with a coarser
grid spacing of 2 km was designed to resolve the mesoscale environ-
ment, which measures 600 x 600 km. The resolution is increased by a
factor of 5 with an intermediary domain of 400 m resolution and an
innermost domain of 80 m resolution. The latter was configured to
explore the atmospheric features of the fire-scale environment in detail.
The 80 m resolution domain is the one that is actually coupled with the
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Fig. 1. Fire front line from the fully coupled simulation (red line) and from the
forced fire simulation obtained from observation (yellow line) at 2000 UTC on
17th June 2017. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Model configuration with larger domain at 2 km horizontal resolution
(D1) and the inner domains at 400 m (D2) and 80 m (D3) horizontal resolu-
tions. The orography (coloured areas) is obtained from the SRTM database.

fire and contains the entire burning area. Previous study with the same
coupled code (Baggio et al., 2022) shows that 80-m resolution is
adequate to solve convective effects on the atmosphere for fires with
sufficient energy release, in particular plume rise, cloud formation and
downbursts. The vertical grid was configured with 50 sigma levels not
equally spaced, stretching gradually from 30 m, near the bottom, to 900
m, near the top. A 30 m first layer height serves as a reasonable tradeoff
for capturing fire behavior while minimizing computational load on the
pressure solver, especially given the atmospheric model's limitations in
handling combustion (extreme heat) and the complex orography of the
region. Initial and lateral boundary conditions for the outer domain
were provided by ECMWF analysis, with updates every 6 h. The Sea
Surface Temperature field was taken from the starting ECMWF analysis
and kept constant throughout the simulation.

In order to study the dynamics of the phenomenon, the frequency for
diagnostic output files was set at 10s (80 m resolution), 100 s for the 400
m and 600 s for the larger model. Simulation of the fire model (heat
fluxes computation) is performed on a 20 m resolution grid (1200 by
1200). The time step was 10 s for the outermost model and decreased to
2s, 0.5 s for the finer models. Simulation starting time for the outermost
(coarse) domain was set up on 17 June 2017 at 0600 UTC, while the
simulation in the innermost domain (with the finest resolution) effec-
tively starts at 1300 UTC. We performed multiple simulations to obtain
the more realistic scenario of the atmospheric environment based on the
CTI Report (2017) and Pinto et al. (2022). This preliminary study led to
the decision to ignite the fires almost 1 h later. Indeed, this setting was in
better agreement with what was actually observed. Basically, a gust
front was observed reaching the Pedrégao region at 1700 UTC. Pre-
liminary test simulations showed an analogous pattern, but approxi-
mately 1 h earlier when using ECMWF boundary conditions data.

The mesoscale environment simulated with 2 km spatial resolution
showed the same features identified in previous studies. The dry thun-
derstorm environment documented by Couto et al. (2020) favoured the
development of a mesoscale convective system during the afternoon
which produced several outflows in Central Portugal (e.g., Pinto et al.,
2022).

The next section focuses the results obtained on 80 m resolution,
which are the most important for the description of the modelled
pyroCb, and highlights the main findings for the Pedrégao Grande fire.
These results are evaluated in view of what is described by Pinto et al.
(2022), whose analysis is based directly on observations. The discussion
will follow in Section 4.
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3. Results

The present section provides a description of the fire environment
observed in the 80 m resolution domain, which is the most important for
the analysis of the main processes at the fire-scale.

Figure 3 shows the wind field at 100 m altitude and the evolution of
the fire front at the surface, as described by the variable S. The first hours
of the simulation were marked by a northerly wind-flow affecting the
Pedrégao Grande region and a change in the wind direction after 1700
UTC (not shown). Fig. 3a shows Easterly and slightly South-easterly
winds reaching the fire fronts at 1730 UTC with magnitudes between
6 and 8 m/s. From this moment on, the simulation shows a north-
easterly (NE) wind-flow over the region, with slightly weaker in-
tensities around 4 m/s (Fig. 3b). In the hour that follows an intensifi-
cation of the wind flow is observed, with winds stronger than 8 m/s
approaching the east of Pedrégao Grande (Fig. 3c). This NE flow hits the
fire 15 min later at 1930 UTC (Fig. 3d).

As previously mentioned, the evolution of the fire front was forced by
assigning an arrival time map based on actual reports. Not surprisingly
this fire evolution is consistent with the local wind-field as observed in
the simulation. The north winds favoured the displacement of the fire
fronts southward during the first hours (see numbers 1 and 2 indicated
in Fig. 3a), while changes in the wind field for E-NE induced the fire
propagation in the west direction. This condition led to the junction of
the two fire fronts in the region of Pedrégao Grande and the formation of
a single merged fire front (see number 3 indicated in Fig. 3b-d).

Figure 4 shows the vertical structure of the smoke plume, as
described by the condition S > 0.01 (we recall that S is a smoke tracer).
At the beginning of the event, the smoke plumes in the Pedrégao Grande
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fires, i.e., associated with the ignition of “Escalos Fundeiros” and
“Regadas”, are transported southward in the lower troposphere
(Fig. 4a). The smoke plume is transported to the Southwest direction an
hour later and already reaches higher levels around 4 km altitude
(Fig. 4b). Fig. 4c shows an intensification of the smoke plume, which
extends up to the upper troposphere with a top exceeding 9 km altitude.
At this instant, we observe the highest concentration of smoke westward
of Pedrégao Grande fire. In addition, it is noteworthy that the smoke
plume in Gois fire remains concentrated in the lower troposphere during
the period (Fig. 4a-c).

The plume structure is illustrated further on Fig. 5 which displays a
SW-NE vertical cross-section intersecting the fire front, represented by
using values of turbulent kinetic energy well above 10 m?/s? at surface.
On the vertical sections we show contours of the smoke tracer (S) which
highlights the plume structure between 1900 UTC and 1945 UTC. We
observe a progressive intensification of the vertical extension of the
plume which concentrates up to the middle levels until 1915 UTC
(Fig. 5a-b) and reaches a maximum 10 km altitude at 1930 UTC
(Fig. 5¢). Fig. 5d indicates a possible disconnection of the smoke plume
resulting from an interruption of vertical transport of smoke at 1945
UTC, with no smoke in the middle levels. On the other hand, the same
figure presents smoke in the upper troposphere, which does not directly
connect with the fire activity at the surface.

The vertical velocity field analysis reveals strong updraughts along
the fire front. The smoke characteristics are illustrated in Fig. 5, while
Fig. 6 superimpose three different instants of the vertical velocity field
above 8 m/s. A convective column is observed to reach the mid tropo-
sphere at 1915 UTC (orange), which intensifies 15 min later and exceeds
8 km altitude (yellow). However, the upward motion created by the fire
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Fig. 3. The advancing fire front is illustrated through the relative smoke tracer concentration S at surface from the simulation at 80 m resolution (coloured areas).
The arrows represent the horizontal wind magnitude at 100 m altitude on 17 June 2017 a) at 1730 UTC, b) at 1815 UTC, c) at 1915 UTC, and d) at 1930 UTC. The
numbers 1 and 2 in Fig. 3a represent the fire fronts from the ignitions in “Regadas” and “Escalos Fundeiros”, respectively. In turn, the number 3 in Figs. 3b-d represent

the merged fire front.
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Fig. 4. 3D smoke plume structure represented by the relative smoke tracer
concentration S from the simulation at 80 m resolution: a) at 1700 UTC, b) at
1800 UTC, and c) at 1930 UTC.

remains mostly below the middle levels at 1945 UTC (green), confirming
the possible collapse of the convective column simulated at 1930 UTC.

Figure 7a displays a vertical cross-section through the convective
column at 1930 UTC where upward motions with velocities around 25
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m/s at 8 km altitude are shown. The response of the atmosphere to the
emission of fluxes from the surface results in the production of turbulent
flow in the fire environment, with turbulent kinetic energy (TKE) well
above 10 m?/s? throughout the convective column above the fire front at
surface (Fig. 7b).

Figure 8 shows the mixing ratio of water vapour and total liquid and
frozen water from a S—N oriented vertical cross-section intersecting the
convective column at 1930 UTC. The total liquid water is computed as
the sum of cloud droplets and rain drops mixing ratios. In the case of
total frozen water, it was obtained from the sum of the mixing ratios of
ice-crystals, snow-aggregate and graupel particles.

Figure 8a shows water vapour being vertically transported to the
middle levels resulting in values >6 g/kg above 5 km altitude. The red
contour represents values with total liquid water of 0.5 g/kg, whereas
white contour the same amount of total frozen water. Fig. 8b represents
the concentration of liquid water with maximums around 2.5 g/kg at 6
km altitude. At the same instant, a high concentration of frozen water is
simulated with values around 4 and 5 g/kg between 8 km and 9 km
altitude (Fig. 8c).

The regions of liquid and frozen water content of >0.5 g/kg are
shown in Fig. 9. Fig. 9a shows a core of liquid water content extending to

UPWARD MOTION > 8 m/s

8km |-
2 6km
p)
| =
E 4 km
2 km
5 I 24 km i
Y .x B 1915UTC 1930 UTC B 1945 UTC

Fig. 6. 3D structure of the regions with upward motions above 8 m/s in three
different instants of the pyroCb cloud development.
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Fig. 5. SW-NE vertical cross-sections of the smoke tracer concentration S and turbulent kinetic energy (m?/s?) at surface a) at 1900 UTC, b) at 1915 UTC, ¢) at 1930

UTC, and d) at 1945 UTC.
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Fig. 7. Vertical cross section intersecting the plume at 1930 UTC: a) vertical
velocity (m/s), and b) turbulent kinetic energy (m?/s?). The relative smoke
tracer concentration S at surface represents the fire front location.

higher levels from the middle levels at 1930 UTC (orange). This core has
been in a region of “inflow” when considering the pyro cloud system
structure. The high concentration of liquid water is embedded in a large
region of frozen water that extends westward. The figure also indicates
that the smoke plume (see Fig. 4c) presented a significant concentration
of hydrometeors in its upper portion. On the other hand, the model
simulates, 15 min later, a region of liquid water to westward at lower
levels, just above 2 km altitude (Fig. 9b). In this case, this core of liquid
water is found in an “outflow” sector of the pyro cloud system. It is also
worth noting the anvil of the mesoscale convective system that devel-
oped in the afternoon near the fire.

Figure 10 shows the vertical velocity field at 1945 UTC. Considering
the 2.1 km altitude, Fig. 10a displays some regions of upward motions
along the fire region with velocities above 10 m/s, and notoriously a
region of intense downward motion with velocities larger than 10 m/s.
Fig. 10b shows this downward motion extending from the middle levels
toward the surface and maximum velocities around 15 m/s at 3 km
altitude. Such a region coincides with the liquid water region identified
in Fig. 9b. The outflow touches the surface around 2000 UTC, as can be
seen in the turbulent kinetic energy field (Fig. 10c¢). It is important to
note that this outflow developed from the fire-generated cloud system.

An additional point of interest is the time at which the smoke plume's
upward movement ceased in the mid-levels of the atmosphere, with the
goal of elucidating the short-lived nature of the convective column.
Fig. 11a-b show the vertical velocity at middle levels (5 km altitude).
The convective column is found at 1930 UTC (Fig. 11a) and no longer
identified at 1945 UTC (Fig. 11b). The wind field analysis at the same
level, but between 1915 UTC and 1945 UTC, indicates a southeasterly
flow reaching the main convective column (Fig. 12a-c), whereas
Fig. 12d shows a relative maximum of the horizontal wind magnitude at
middle levels of around 11 m/s. The vertical profile presented in
Fig. 12d is the extraction of the model values at the nearest grid point.
This southeasterly flow may have counteracted the vertical movement,
helping to interrupt the convective column.

In summary, the simulation exhibited the development of a deep
convective cloud from the fire, which has been considered to be a
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Fig. 8. S—N vertical cross section intersecting the plume at 1930 UTC: a)
mixing ratio of water vapour, b) total liquid water mixing ratio (cloud droplets
and rain drops), and c) total frozen water mixing ratio (graupel, snow-aggregate
and ice crystals). The total liquid water content of 0.5 g/kg is represented by the
red contour, whereas total frozen water content of 0.5 g/kg by white contour.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

pyroCb cloud in the present study. The fire-generated thunderstorm was
simulated between 1915 UTC and 2000 UTC, with maximum develop-
ment at 1930 UTC and the production of a very localized outflow
touching the ground close to the 2000 UTC.

To complete the fire environment characterization, and after the
identification of a pyroCb cloud development, Fig. 13 brings the vertical
thermodynamic structure of the atmosphere in a point near the fire and
at two different instants, namely 1500 UTC and 1900 UTC. Fig. 13a
displays a hot and dry lower troposphere followed by a moist layer from
the middle levels at 1500 UTC. The moment close to the beginning of the
pyroCb development, at 1900 UTC, also shows a saturated middle
troposphere and a drier layer below (Fig. 13b). Such an environment
favours the development of pyro clouds if the smoke column is large
enough to reach higher levels. In this case, the ascending motions
associated with the smoke plume can be reinforced by the potential
instability released in the middle troposphere by microphysical pro-
cesses during cloud development.



FE.T. Couto et al.

a) 1930 UTC

10km;

MCS's ANVIL

skml

ALTITUDE
o
=
3
[
4
|

2km
WEST EAST
10 km = ~ T = - =
N R T R R A o
fad [ T
w " - 5 -
s 6 km o ns ’,F’" ".‘.' oy Jf | A‘, —t
E I (L ol P ] |
= R 4 T e
4km |— /! | =
+ " OUTELOW || | | |
2km |- |
WEST 24 k EAST
s .
2 000t 02 i o os 10 ice content > 0.5 g/kg
Y X I

7 liquid content > 0.5 glkg

Fig. 9. 3D structure of the total liquid water content of 0.5 g/kg (orange) and
total frozen water content of 0.5 g/kg (blue). The fire front is represented at
surface from the relative smoke tracer concentration S: a) at 1930 UTC, and b)
at 1945 UTC. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

4. Discussion

The present study investigates the influence of an extreme wildfire
event on the local atmospheric conditions using a fire-to-atmosphere
numerical simulation. In 2017, the Portuguese territory was character-
ized by a particularly intense fire season. We present the results obtained
using a numerical simulation of the deadliest event that occurred in that
year.

The study focused on the main atmospheric phenomena induced by
the simulated fire at a near fire scale. Some aspects are now discussed to
compare with the observational study presented by Pinto et al. (2022)
for the same wildfire episode. In general, the smoke plume remained in
the lower atmosphere and was oriented southward during the first
simulated hours. Regarding the vertical extension of the smoke plume,
Pinto et al. (2022) presented an estimate of the smoke plume top on the
basis of radar observations. They argued that during the first hours of the
fire, the top of the plume was bounded below 4 km. This fact is
consistent with the results obtained with the numerical model.

The model shows a low-level NE wind-flow approaching the fire from
1915 UTC. The occurrence of this flow played an important role in the
intensification of the pyro-convective activity simulated at 1915 UTC. It
reinforced the upward motions since a convective column extending
vertically reached 10 km altitude with velocities around 20 m/s at 1930
UTC. Our simulated vertical velocities of 15-20 m/s are in agreement
with previous observational studies, such as the velocities ranging from
—15 to +30 m/s reported in intense pyroconvection events (Kingsmill
et al., 2023). Over the following minutes, cloud development increased
ahead westward and above the fire front, the cloud system maintained as
a “stationary” thunderstorm anchored in the main convective column.
Cunningham and Reeder (2009) showed the water production as a
critical factor for a physically relevant simulation of such a cloud system.
In our study, the convective column favoured both the rapid water
vapour vertical transport to higher levels and the significant concen-
trations of liquid and frozen water, simulated within the convective
column.
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Chang et al. (2015) argued that an increase in updraughts caused the
production of rainwater content to grow. This fact provides an expla-
nation to the high production of liquid water simulated in the main
convective column from the middle levels. Moreover, the strong freeze,
evident in the high concentration of ice particles, probably intensified
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the upward motions at 8 km altitude by releasing latent heat, and then
favouring the convective column penetration into the upper tropo-
sphere. As mentioned in the introduction, under extreme wildfire con-
ditions, intense convection is an efficient way to transport aerosols
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particles from the boundary layer to the upper troposphere or even in
the lower stratosphere (e.g., Fromm and Servranckx, 2003; Peterson
et al., 2018). Luderer et al. (2006), in turn, showed from numerical
simulation that the atmospheric environment and the heat released from
the fire are the key ingredients determining the evolution of a pyroCb
cloud, as well as the intensity of the convection along the troposphere.
These factors are also important to determine the impacts and lifetime of
the pyroCb cloud system (e.g., Trentmann et al., 2006).

In the present case study, the simulation indicates that the strong
convection over the plume weakened after 1930 UTC. A possible
explanation for this is that the convective column that was extending
throughout the troposphere suddenly stopped being sustained by the fire
activity. Moreover, the model simulated the formation of downward
vertical motions which organized as a very localized convective outflow
westward ahead the Pedrégao Grande fire front. A southeasterly flow at
middle levels could account for both the collapse of the convective
column and the rapid formation of the pyroCb cloud. The cloud system
lasted less than one hour and presented the mature stage within 15 min.
It is noteworthy that Fromm et al. (2006) showed pyroCb clouds pre-
senting a microscale diameter (10 km) but lasting a few hours (3 h).

Regarding the localized outflow that reached the surface just before
2000 UTC, the evaporation of the total liquid water content probably
intensified the downward motions. This microscale phenomenon
developed from the pyroCb cloud with vertical velocities of around 15
m/s at 3 km altitude. When compared to the Cumulonimbus cloud
developing without interactions with fire and smoke, a strong suppres-
sion of precipitation is often observed in pyroCb clouds. This occurs
since the presence of large concentrations of cloud condensation nuclei
suppresses the formation of both wide water and ice hydrometeors
(Rosenfeld et al., 2007). Luderer et al. (2006) also verified such feature
using a cloud resolving model with a two-moment bulk microphysical
scheme. Reutter et al. (2014) showed that the microphysical evolution
of a pyroCb cloud system depends on the aerosol concentration. Un-
fortunately, the one-moment microphysical scheme used in this study
does not allow to assess the impact of aerosol particles on the cloud
microphysics. Moreover, we remark that the smoke tracer concentration
(S) is a passive scalar whose purpose is only to visualize the evolution of
the plume, and it does not interact with the hydrometeors (e.g., Baggio
et al., 2022) and with the radiation.

Concerning the atmospheric environment in the fire scale, Couto
et al. (2020) showed that Pedrégao Grande fire occurred under a dry
thunderstorm's environment on the basis of the sounding from Lisbon,
which is almost 200 km distant from Pedrégao Grande. The thermody-
namic diagram obtained in the proximity of the fire was coherent with
this previous study. The dry, hot, and windy conditions at the surface
were observed below a moist layer at middle levels. This environment
has been well known to favour the pyroCb activity during extremes
wildfires (e.g., Peterson et al., 2017; Tory et al., 2018; Giannaros et al.,
2022), and the simulation results support the hypothesis that the dry
thunderstorm environment was a prerequisite for the development of a
deep pyro cloud system over Pedrégao Grande fire. The sounding in
Lisbon on 17 June 2017 at 1200 UTC (University of Wyoming, 2017), is
characterized by a K index of 28.90 °C and a precipitable water of 29.17
mm. These are significant values when considering dry thunderstorms
environment and are consistent with those presented by Senande-Rivera
et al. (2022). The K index estimates the atmospheric stability based on
the 850-500 hPa temperature lapse rate, moisture content at 850 hPa
and the thickness of moist layer, and Senande-Rivera et al. (2022) re-
ported that high values of precipitable water and K index (> 26 °C) are
associated with environments where thunderstorms are likely to occur.

The simulation illustrates well the evolution of the Pedrégao Grande
fire which shows an increasing complexity. The interaction of mesoscale
circulation surrounding the fire played an important role in the inten-
sification of the convective column. These changes in the fire environ-
ment and smoke plume structure were documented by Pinto et al.
(2022), which showed the transition of the smoke plume to a convective
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regime from 1830 UTC, as well as the changes in its orientation until
1910 UTC. In the simulation, the smoke plume is initially oriented
south/south-westward to westward, leading to intense convection and
the development of a pyroCb cloud. The approach of a low level NE
wind-flow results in a sudden increase of the pyro-convective activity.
Pinto et al. (2022) showed the smoke plume exceeding 12 km altitude at
1930 UTC (see Fig. 14 of Pinto et al., 2022). In the present study, the
maximum smoke plume penetration height was simulated at around 10
km, but the time of occurrence is similar. We remark that it is not
possible to confirm that the maximum smoke plume altitude observed
corresponds to the convective column simulated at 1930 UTC. However,
the simulation points to a good representation of some phenomena that
may have occurred on the fire-scale during the Pedrégao Grande fire,
when confronted with the main aspects documented in the reports and
by Pinto et al. (2022).

The simulated pyroCb cloud did not present intense precipitation,
but the fire activity created a strong convective column that transported
smoke up to the upper troposphere and produced significant amount of
liquid and frozen water inside the convective column at higher levels.
Therefore, the intensification of the pyro-convective activity caused by
the change in the surface wind direction was crucial for the explosive
behavior and the ensuing cloud development. The transport of high
amount of energy upward also occurred under favourable atmospheric
conditions, namely an unstable middle troposphere.

5. Conclusions

The study presented the results obtained from a Meso-NH/ForeFire
numerical simulation suitable for extreme fire conditions. For the case

of study, the Pedrégao Grande megafire, the fire line evolution is
described in detail by an official report. Considering this, the fire spatio-
temporal propagation is assigned, rather than simulated, and the at-
mospheric behavior of the near-fire environment can be simulated with
less incertitude.

The findings indicate that, with high spatio-temporal resolution, the
model can effectively capture both the pyro-convective plume structure
and the key processes in fire-atmosphere interactions. For instance, the
notable change in the wind field caused by the interaction between the
mesoscale environment and the fire contributed to changes in the smoke
plume orientation well captured.

In the Pedrégao Grande fire event, the intense pyro-convective ac-
tivity manifested as a pyroCumulonimbus cloud. The modelled pyroCb
indicates that the complexity of the fire-atmosphere coupled system is
well represented.

The pyroCb developed from the condensation inside the plume,
where high concentrations of liquid and frozen water are observed. The
convection was enhanced by the strong wildfire activity and latent heat
released at higher levels, which penetrated the higher troposphere just
above 10 km altitude. The strong updraughts created by the fire were
crucial in establishing and maintaining the pyroCb by a few minutes.
The main features of the simulated cloud system are in accordance with
what reported by other studies of the same event (e.g., Pinto et al.,
2022). However, such a cloud system lasted for a shorter time. We hy-
pothesized that the approach of a southeast wind flow at middle levels
led to the collapse of the main convective column, thereby interrupting
the vertical transport of energy. In addition, extreme pyro-convective
activity was also displayed in the simulation where we observe the
development of an outflow originated from the pyroCb cloud. The
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Fig. 13. Thermodynamic diagram simulated with 80 m horizontal resolution
near Pedrégao Grande fire on 17 June 2017 a) at 1500 UTC, and b) at
1900 UTC.

evaporation of the liquid content caused an intensification of the
downdraughts, which was simulated as a localized outflow ahead
westward of the fire front of Pedrdgao Grande fire.

This study provides important insights into the numerical modelling
of fire-generated thunderstorms. We proved that the Meso-NH/ForeFire
code can represent adequately the development of a fire-generated
thunderstorm.

Aspects not covered in this study will be the focus of future research.
These include the use of the Meso-NH/ForeFire code in the two-way
mode, which will allow to study and evaluate the fire front evolution
the local rate of spread, as well as investigate the coupled impact of a fire
that would have started in different configuration and the associated
potential predictability of the phenomenon using fully-coupled code in
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regards to this reference simulation. Finally, the use of a two-moment
bulk microphysical scheme is advisable, since the physical phenomena
related to the presence of fire aerosols are important aspects of pyroCb
cloud systems and influence their impact on the atmosphere at all
involved scales.

To conclude, this study demonstrates the significant contributions
that numerical simulations, particularly using the Meso-NH/ForeFire
code, can make to our understanding of severe wildfire events and
pyro-convection. As a next step, we are now focusing on an analysis of
fire behavior using a fully coupled model.
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