ire

Article

Coupled Atmosphere-Fire Modelling of Pyroconvective Activity

in Portugal

Ricardo Vaz 1'*©, Rui Silva 10, Susana Cardoso Pereira 1/, Ana Cristina Carvalho 2(*, David Carvalho !

and Alfredo Rocha?!

check for
updates
Academic Editors: Yanming Ding,

Kazui Fukumoto and Jiaqing Zhang

Received: 18 February 2025
Revised: 26 March 2025
Accepted: 3 April 2025
Published: 10 April 2025

Citation: Vaz, R,; Silva, R.; Cardoso
Pereira, S.; Carvalho, A.C.; Carvalho,
D.; Rocha, A. Coupled
Atmosphere-Fire Modelling of
Pyroconvective Activity in Portugal.
Fire 2025, 8,153. https://doi.org/
10.3390/ fire8040153

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses/by /4.0/).

CESAM, Department of Physics, University of Aveiro, Campus Universitdrio de Santiago, 3810-193 Aveiro,

Portugal; ruipedrosilva@ua.pt (R.S.); susana.cardoso@ua.pt (S.C.P.); david.carvalho@ua.pt (D.C.);

alfredo.rocha@ua.pt (A.R.)

2 Swedish Meteorological and Hydrological Institute, SMHI FoUmmk, 601 76 Norrkoping, Sweden;
ana.carvalho@smbhi.se

*  Correspondence: ricardojorgevaz@ua.pt

Abstract: This study investigates the physical interactions and between forest fires and the
atmosphere, which often lead to conditions favourable to instability and the formation of
pyrocumulus (PyCu). Using the coupled atmosphere—fire spread modelling framework,
WRF-SFIRE, the Portuguese October 2017 Quiaios wildfire, in association with tropical
cyclone Ophelia, was simulated. Fire spread was imposed via burnt area data, and the
fire’s influence on the vertical and surface atmosphere was analysed. Simulated local
atmospheric conditions were influenced by warm and dry air advection near the surface,
and moist air in mid to high levels, displaying an inverted “V” profile in thermodynamic
diagrams. These conditions created a near-neutrally unstable atmospheric layer in the first
3000 m, associated with a low-level jet above 1000 m. Results showed that vertical wind
shear tilted the plume, resulting in an intermittent, high-based, shallow pyroconvection, in
a zero convective available potential energy environment (CAPE). Lifted parcels from the
fire lost their buoyancy shortly after condensation, and the presence of PyCu was governed
by the energy output from the fire and its updrafts. Clouds formed above the lifted
condensation level (LCL) as moisture fluxes from the surface and released from combustion
were lifted along the fire plume. Clouds were primarily composed of liquid water (1 g/kg)
with smaller traces of ice, graupel, and snow (up to 0.15 g/kg). The representation of
pyroconvective dynamics via coupled models is the cornerstone of understanding the
phenomena and field applications as the computation capability increases and provides
firefighters with real time extreme fire conditions or predicting ahead of time.

Keywords: pyroconvection; WRF-SFIRE; atmosphere-fire modelling

1. Introduction

Wildfires have significant negative impacts on the ecology and socioeconomic ac-
tivities of the affected populations. Fire-atmosphere interactions promote fire risk, with
atmospheric instability and pyroconvection as their drivers. Pyroconvective clouds can
be classified as pyro cumulus (PyCu) [1] or pyrocumulonimbus (PyCb), the latter being
defined as clouds generated by buoyant energy imparted to the atmosphere by surface
heating from fire [2].

Research into proconvective events has been carried out, especially in the recent
decades, to better understand the processes that contribute to the generation of pyrocon-
vective clouds. Potter (2012) [3] reviewed the scientific literature, including the vertical and
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surface analyses of the atmosphere, wind speed, humidity, and the processes occurring
in the boundary layer, highlighting the nonlinear nature of fire—atmosphere interactions.
Climate change has been a driver of changes, amplifying the frequency and intensity of
tire-prone weather, affecting ecosystem dynamics, and improving fuel availability [4-7].

It is difficult to predict the dynamics that lead to the formation and development of
pyrocovenction. Several studies have attempted to establish a link between the effect of
fuel combustion and latent heat release into the atmosphere, and buoyancy production
from fire-modified Convective Available Potential Energy (CAPE) via increments in mixing
ratio and temperature when generating pyroconvection [8-10]. While naturally occurring
instability is associated with the presence of CAPE, several PyCb-producing wildfires have
been found to occur under low or non-existent environmental CAPE values [11], often
in fires on the leading edge of a disturbance [12-14]. PyCb producing fires frequently
occurred in high LCL, above 5 km, under an “inverted V” profiled atmosphere, dry and hot
base, and moist mid to high levels, providing wildfire favourable conditions at the surface
and downburst potential from evaporative cooling downdrafts [15-17]. Tory studied the
thermodynamics of a wildfire plume to try and predict the formation of pyroconvection,
attributing a firepower threshold produced by the surface fire that would result in PyCb
initiation, adding the effect of wind, dilution and tilting plumes to buoyancy [9,18].

Coupled fire—atmosphere models, with or without chemistry, have often been used
to represent wildfire thermodynamics and the development of pyroconvective cloud for-
mation. Reference [19] described several coupled models (that is, WRF-SFIRE, MESO-NH,
WEDS, etc.), from micro to mesoscale, that aim to reproduce feedback between the fire
fluxes and the atmosphere. Others, such as ACCESS-Fire, have been used more recently to
understand how fire behaviour increases the fire spread rate and spotting during extreme
fire events in Australia [20]. Previous model simulations using ATHAM, without using a
coupled fire spread module, have shown that strong pyroconvection can also lift smoke
aerosols to the lower stratosphere, reproducing updrafts and the entrainment effect of the
rising plume, using surface fire observation emissions as input [13,21]. The WRF-SFIRE
model has been used in several studies, including the effect of PBL circulation on fire
plumes amplification [20] and the impact of wildfire-atmosphere dynamics” on smoke and
particle dispersion [22].

The Mediterranean basin is one of the main hotspots for forest fire occurrence in
Europe, with 85% of the total area burnt in Portugal, Spain, France, Italy, and Greece [23].
Traditionally, extreme fire events in Portugal follow a pattern of easterly, dry, and hot
winds associated with the Iberian thermal low [24], co-occurring with heat-waves and
extended drought periods [25]. In recent decades, climate change has prompted an increase
in fire prone weather, namely in the central and northern regions of Portugal where more
flammable forested regions are located [26]. The year 2017 was particularly costly on a
socio-economic level, with 117 fatalities and EUR 1.5 billion in estimated damages [27]. The
unpredictable nature of extreme wildfires has, as recently as 2024, turned a below average
burnt area year into a 22% above average due the occurrence of late-season September wild-
fires, despite having the third lowest total number of registered wildfires since 2014 [28].

The October 2017 wildfires differed in the sense that an approaching disturbance from
the west, Tropical Cyclone Ophelia, was responsible for the out-of-season hot and windy
weather conditions.

Several studies and reports have analysed pre-fire conditions on fuels to explain the
extreme wildfire behaviour. These studies indicate that vegetation stress from prolonged
droughts significantly increases the potential and severity of extreme fire events [12,29-31].
Inland fires showed that PyCb formation was offset by the arrival of moisture from shifting
winds associated with the circulation of tropical cyclones. During the October 2017 extreme
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fire events, coastal fires produced weaker pyroconvection, consisting of PyCu, and were
mainly wind-driven [32].

Coupled atmosphere—fire modelling of wildfires that comprised the extreme fire
event of October 2017 has been carried out using the atmosphere—fire coupled model
Meso-NH/ForeFire, showing the development of PyCu from fire induced vertical moisture
fluxes [33]. A model intercomparison between Meso-NH /ForeFire and WRF-SFIRE showed
the latter’s inability to form pyroconvection in similar scenarios [34].

Few wildfire studies using coupled atmosphere—fire models have been carried out,
with an emphasis on pyroconvection. The Meso-NH/ForeFire has been successfully em-
ployed to simulate triggering pyroconvection in the June 2017 Pedrogao Grande wildfires,
using a simplified and uniform fuel model. The aim of the present study is to show that
results achieved with WRF-SFIRE can indeed simulate the pyroclouds and explain how the
thermodynamics of the fire helped to develop pyroconvection under the effect of Tropical
Cyclone Ophelia, using WRE-SFIRE, and provide further insight on the dynamics of the
fire plume and cloud formation.

To analyse the dynamics of atmosphere-fire interactions, this study presents a mod-
elled case study of the Quiaios wildfire that occurred in Portugal (west coast of the Iberian
Peninsula) in October 2017, using the atmosphere—fire coupled model WRF-SFIRE (Weather
Research and Forecast-SFIRE) [35-37]. Furthermore, forest fire event reports describe
the spread of the Quiaios fire as being governed mainly by the wind and not by the
dynamic processes of the fire plume, without any special reference to pyroconvective ob-
servations [29,31,38]. However, photographic evidence [39] shows that the pyroconvective
activity of these coastal fires developed moderate, low-altitude PyCu (up to 5000 m) [32].

This article is structured in three major sections: Data and Methods, Results and
Discussion, and Conclusions.

2. Data and Methods
2.1. The WRF-SFIRE Coupled Atmosphere—Fire Model

WREF-SFIRE couples the Advanced Research Weather (ARW) core from the WREF [37]
with a semi-empirical fire-spread SFIRE model. The SFIRE model is a two-dimensional
model that uses the level-set method to advance the fireline, which involves moving an
implicit surface on a velocity field [40]. Fire spread rates are calculated based on the model
described in [41], given the 13 National Forest Fire Laboratory (NFFL) fuel properties
described by [42,43].

The SFIRE module allows for the interaction between WRF’s atmospheric grid and
SFIRE'’s sub-grid in the form of heat and moisture, providing feedback between the two
interfaces. The terrain gradient and fuel maps are necessary inputs required by the model
before initialisation. Fuels are treated as static fields and provide information used for fire
spread. However, fuel moisture can be fed into the model dynamically using the coupled
moisture model or provided by a static array [35].

By using WRF-SFIRE, we aim to expand on alternative atmosphere—fire coupled
models, providing additional insights on previously performed studies, emphasising the
capability of pyroconvective cloud production. Coupling with the widely used WRF
atmospheric module provides versatility in a wide range of wildfire-atmosphere cou-
pled studies.

2.2. Model Setup

The Quiaios coast wildfire area was primarily composed of a homogenous fuel cover,
mostly maritime pine [32], and flat topography. A four-nested domain setup was used,
with horizontal grid resolutions of 7.5 km, 2.5 km, 0.5 km, and 0.1 km for domains d01
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through d04-LES (Figures 1 and 2) across 51 vertical levels, distributed automatically by
WRE. The model time steps used were 22.5s,7.5s, 1.5 s, and 0.3 s, according to the increase
in the horizontal resolution.
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Figure 1. Model domain’s configuration, with the location of the vertical sounding used in the model
validation represented as a red asterisk. Shading colours show the topographical height.
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Figure 2. Schematic illustration of the WRF model simulation approach used during the model runs
performed in this study. d04-LES.

The simulations were performed using a two-part process: the main run (domains d01
to d03) was run separately from the d04-LES run. The main run was initialised on 12th of
October 2017, at 00:00 UTC, and ended on the 16th of October 2017, at 00:00 UTC. The parent
domain d01 was extended westward to capture and simulate the atmospheric processes of
the tropical cyclone Ophelia, capturing the zonal flow and large-scale circulation. The d04-
LES experiment was run standalone, and was reinitialized using ndown, from the output of
the d03 domain between the 15th of October at 06:00 UTC and 18:00 UTC, as illustrated in
Figure 2. Two d04-LES runs were performed, with and without fire, henceforth referred
to as environmental runs, to evaluate differences in the fire-altered environment. The
meteorological initial and boundary conditions were given by the ERA-5 reanalysis from
the European Centre for Medium-Range Weather Forecasts (ECMWF) [44]. Additionally,
during the model run, grid analysis nudging was applied to the temperature, water vapour,
and wind fields every 6 h to the domain d01.

The physical parameterisations chosen for these simulations are summarised in Table 1.
Briefly, the WRF Single momentum Microphysics with 6 hydrometeor species was used for
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the microphysics option [45]; the cumulus parametrisations were set to the Kain—Fritsch
scheme [46] only for d01, explicitly resolving them in the subsequent finer grid scales; the
Longwave and Shortwave radiation were parametrised by the Rapid Radiative Transfer
Model [47]; the Yonsei University’s Planetary Boundary Layer (PBL) non-local scheme
was used for parametrising the PBL in d01-d03 [48], and turned off for d04-LES for the
Large Eddy Simulation run; and the Noah-Multiparameter was used as a Land Surface
Model [49,50].

Table 1. Model physical parametrisation options used in this study. Model switch options are denoted
in parentheses.

d01-do3 d04-LES
Microphysics WSMB6 (6) WSME6 (6)
Cumulus Kain-Fritsch (1-d01;0-d01-03) 0)
Longwave Radiation RRTMG (4) RRTMG (4)
Shortwave Radiation RRTMG (4) RRTMG (4)
Planetary Boundary Layer  YSU (1) 0)
Surface Layer Revised MMS5 (1) Revised MMS5 (1)
Land Surface Model Noah-MP (4) Noah-MP (4)

The use of high-resolution topography and up-to-date landuse have been shown
to achieve a better performance in simulating temperature and wind speed [51-53].
Hence, the high-resolution topographical data from the Shuttle Radar Topography Mission
(SRTM, ~90 m) was used for the atmospheric simulations [54] and the Corine Land Cover
2012 (100 m) landuse dataset [55] was implemented into the WRF model by converting it
into the standard USGS 24 categories [56].

The SFIRE sub-grid is one quarter of the horizontal resolution of the d04-LES, which
is 25 m. The EU-DEM topographical dataset was used in detriment of the SRTM for the
sub-grid fire spread model due to its higher and matching horizontal resolution of 25 m [57].
The National Forest Fire Laboratory (NFFL) fuel model 4, with 2.91 kg m~2 of fuel load,
was used uniformly over the fire perimeter. This particular model was used due to having
a higher fuel load in comparison to other more appropriate surface fuel models, given that
WREF-SFIRE does not account for crown fire spread. The fire was imposed on the sub-grid
in the format of time of arrival, obtained from the publicly available Portuguese Large
Wildfire Spread database [58]. The fuel moisture was dynamically set by SFIRE’s embedded
moisture model [35], using the NFFL fuel model 4 as reference, yielding a moisture content
of ~6% (0.06 kg kg~ ! water/fuel).

2.3. Observational Data

Weather station data from IPMA’s network was used to validate the surface meteorol-
ogy on the 15th of October in terms of temperature, wind speed and direction, and relative
humidity. A radiosonde profile in Lisbon, retrieved from the IGRA catalogue [59], was
used to validate the vertical structure of the atmosphere at 12 UTC.

2.4. Moisture and Vertical Stability Assessment

Precipitable water (PW) was vertically integrated between pressure levels from the
water vapour mixing ratio (g,) to quantify the amount of moisture released from the fire
into the atmosphere, as defined in expression (1), where g represents the gravitational
acceleration. p2 and p1 define the pressure levels of integration between each model level.

1 P2

PW = — od 1
g n Jodp 1)



Fire 2025, 8, 153

6 of 28

Precipitable water was calculated to obtain the total amount of water vapour released
by the burning of fuel into the atmosphere, conditioning the formation of pyroconvection
via convection of the lifted surface parcel produced by the fire and its stability [10].

The NCAR Command Language (NCL) was used to calculate the CAPE from d01
and d04-LES simulation outputs [60]. The bulk Richardson number (Rij) was used for the
d04-LES domain to determine the height of the Planetary Boundary Layer (PBL):

<9i) (602 — 600)z
R. o 00 2
b= uZ + 02 @

2, 42, and ©v? are the u and v wind com-

where g is the gravitational acceleration in ms™
ponents at height z, in ms~!, 0, and 6,0 are the virtual potential temperature in K. The
universal threshold of Ri, > 0.33, suggested by [61], was used to estimate the height of

the PBL.

3. Results and Discussion
3.1. Background Meteorology

The pre-fire synoptic conditions were characterised by the Tropical Cyclone Ophelia’s
approach to the western Iberian Peninsula (wIP). Ophelia’s circulation steered a hot and dry
southerly flow from North Africa, increasing wind speeds and temperatures and lowering
humidity (RH). In its report, the Portuguese Institute for Sea and Atmosphere (IPMA)
noted that RH values as low as 10-20% and temperatures above 36 °C were registered at
weather stations across central Portugal, where the most extreme fires occurred [38].

The intensity of Ophelia peaked on 14 October, with a minimum central pressure
of 959 hPa and a maximum sustained wind speed of 51 m s~! (Figure 3). Ophelia was
steered into the wiP ahead of an upper-level trough from the southwest, weakening as it
passed over a cooler area of SST at 23 °C, and higher wind shear. By 00:00 UTC, on the
16th of October, it had already transitioned into an extratropical cyclone with a maximum
sustained wind speed of 38 m s~1[62].

551 ©
50 |

46 L
o 45} £
; -
= A0F 5
— 38 8
35 F =

30} Syrstba 3

. . . 2

—40 -30 —20 ~10 0 10

Longitude

Figure 3. Tropical cyclone Ophelia’s best track position, minimum central pressure, and maximum
sustained winds at 12 UTC between 12 and 16 October 2017 [62].

Over continental Portugal, on the 14th of October 12 UTC, the analysis made by IPMA
of the vertical soundings acquired at Lisbon showed a dry layer below 700 hPa, with an
inversion layer underneath. At middle-high levels, a high moisture flow was advected
over the dry layer, resulting in a high LCL. From the 14th to the 15th of October, the LCL
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height increased to 670 hPa. An inverted V profile was present on both the 14th and the
15th of October, with CAPE reaching values close to zero [38].

Warm and dry air advection from Ophelia resulted in very low fine fuel moisture
contents, with values as low as 5%. Strong wind gusts from Ophelia’s circulation (30 km h™!
wind speed, 50 km h~! wind gust speed in the study area) in conjunction with low fuel
moisture values and the effect of exceptionally long drought promoted an extreme Fire
Weather Index ranging between 50 and 85 [31].

3.2. Large Scale Model Results

Figure 4 shows a synoptic analysis of the model results from d01 on the 15th of October
at 12:00 UTC. The simulated minimum sea level pressure (mslp) is 995 hPa with maximum
surface wind speeds of 25 m s ! (Figure 4a). This is an underestimation compared to best
track data, which reports a central pressure of 959 hPa and maximum sustained winds of

43.7 m s, Over continental Portugal, wind speeds range between 2 and 8 ms~!

1

, reaching
values of 8-10 ms™" over central mountainous regions. Very small to no CAPE values
were observed over land from the simulation outputs, which is corroborated by the vertical
sounding observations [38]. Figure 4b shows a vertical cross-section of wind speed, taken

L is seen on the

along the dashed purple line in Figure 4a. A wind maximum of 36 ms™
westward flank of the tropical cyclone, at 3000 m height above mean sea level (a.m.s.1.).
To the west, the high-level trough that steered the cyclone, Figure 4b dashed, is observed
ahead of the jet stream. A maximum equivalent potential temperature, 0. of 320 K is
observed at the surface, extending up to 7000 m a.m.s.l. Eastward of the tropical system, a
large area with a neutral or small 6, vertical gradient (Figure 4b contours) extends from the
cyclone’s centre to deeper inland, indicating a potentially neutral unstable atmosphere [63].
Westward from the trough, a broad area of cooler and drier air follows the low-pressure
system (Figure 4c).

The influence of Ophelia on vertical RH is observed up to 14,000 m a.m.s.l. Eastward
of the cyclone, a warm and dry layer is advected within the first 3000 m a.m.s.l. (bold
rectangle, Figure 4c), responsible for the fire-prone atmospheric conditions at the surface.
Above this dry/warm layer is a moist layer that extends up to 8000 m a.m.s.l. (dashed
rectangle, Figure 4c). These conditions produce the “inverted V” vertical profile referred
by the IPMA report, as can be seen in the vertical soundings in [38]. The cyclone displays
an asymmetrical wind structure at the surface, with the strongest winds being seen in the
eastern flank of Ophelia (Figure 4b), breaking up to the north-northwest as it began to
undergo the extratropical transition [62].

RH at 850 hPa and 600 hPa is shown in Figure 5. In Figure 5a, at 850 hPa, Ophelia
still displays a closed ring of clouds around the centre as it is steered northeast, with its
circulation advecting dry air (20% to 30% RH) over the IP. At 600 hPa, the opposite occurs,
and very dry air intrudes the cyclone from the southwest, behind the trough as a moist air
flow (up to 95% RH) is carried over Portugal.

Figure 6 shows a comparison between a simulated vertical profile, and vertical sound-
ing observations, on 15 October at 1200 UTC, in Lisbon (red star, Figure 1). The simulated
temperature and dew point temperature (Td), in Figure 6a, and RH, in Figure 6¢, are in
good agreement with observations in the 1000-600 hPa layer, with an underestimation of
RH (—5%) at 900 hPa. Levels between 600 and 500 hPa show an overestimation of Td/RH
(+10 to +15%), and an underestimation above 500 hPa (—5 to —20%). The northward wind
component (v) and eastward wind component (u), Figure 6b, were well represented in the
simulation at all levels, with minor differences in u near the surface and aloft, at 700 hPa.
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Figure 4. Tropical cyclone’s horizontal and vertical synoptic structure in d01, on the 15th of October
2017 at 12:00 UTC. The figure panels represent: (a) Surface pressure field in black contours, 10 m
wind vectors as black arrows, 10 m wind speed in shaded colours, and the zonal magenta line at
40.5° N showing the location of the vertical cross sections depicted in panels (b,c); (b) vertical wind
speed in shaded colours and potential equivalent temperature in black contours, and the position of
the shoreline indicated by the black arrow; (c) vertical cross section of RH in shaded colours, with
dashed black rectangle highlighting the high moisture air advected into the tropospheric mid-levels,
and the solid black rectangle highlighting the dry air mass advected into the low tropospheric levels.

@) 1500 UTC (b)
600 hPa

850 hPa {66
44
90
43 %0
42 o0
41
% 60
= 40 g
= 50 &
E Z
— 39 40
38 10
37 20
36 10
35 0

-10

Longitude Longitude

Figure 5. Wind arrows, geopotential height contours, and shaded RH of Ophelia are displayed for
the pressure levels of 850 hPa (a) and 600 hPa (b), showing the dry air advection a the surface, and
southern moisture flow aloft.



Fire 2025, 8, 153

9 of 28

hPa

100

200 F

300

400

500

600

700

800

900

1,000

—-80—-60—-40-20 0 2

==0-=Sounding T ==8-=Sounding u

==©-= Sounding Td ==8-=Sounding v
WRF-d01 T WRF-d01 u ==-0-=Sounding RH
WREF-d01 Td (b) WRF-dO1 v (c) WRF-d01 RH

1 1 1 1

°C

Figure 6. Lisbon vertical sounding comparison (dashed) with d01 simulation results (bold):
panel (a) displays vertical temperature (red) and dewpoint temperature (green); panel (b) shows the
u wind component (orange) and v wind component (blue); and panel (c) shows RH.

3.3. Surface Weather Analysis

Weather station data is compared in Figures A1-A4 of the Appendix A, showing
temperature, RH, wind speed and wind direction comparisons with d02, d03 and d04-
LES model results, on the 15th of October, between 09:00 and 18:00 UTC. For reference, a
topographical map showing the stations locations is displayed in Figure 7. Temperature
(Appendix A, Figure Al) and RH (Appendix A, Figure A2) are well represented at all
weather stations in d02. The coastal weather stations of Figueira da Foz and Dunas de
Mira show the largest deviations from observations, with lower simulated RH. Only the
station of Figueira da Foz overestimates the temperature, by approximately 2 °C between
10:00 and 15:00 UTC. Lousa weather station shows the greatest overall differences in RH
(+7.5%) and temperature (—2 °C) due to its proximity to complex terrain. The WRF model
has been shown to perform less effectively in those conditions [64]. Regarding wind speed
(Appendix A, Figure A3), it is either well represented or largely overestimated, in the
case of Anadia, Ansido and Dunas de Mira by 4 ms~!, apart from Figueira da Foz where
wind was underestimated between 11:00 and 15:00 UTC. The wind direction (Appendix A,
Figure A4) shows agreement with the observations, except for the station located at Dunas
de Mira. All coastal weather stations seemed to capture the wind direction change, from
S/SE to SW observed at 15:00 UTC, accompanied by a sharp reduction in temperature and
an increase in RH at the correct timeframe [38], coinciding with the moment when coastal
fires became predominantly convection-driven instead of wind-driven [29].



Fire 2025, 8, 153 10 of 28

41.0 1400

1300
40.8

1200
40.6 1100

1000
40.4

900

800
40.2

s
700 ©
=

40.0 600

500
39.8

400
39.6 P : ale Donas 4 300

200
39.4

100

— 0

-94 -92 -90 -88 —-86 -84 —82 80 —-78 -—-7.6

Figure 7. Location of the weather stations used for validation within d02, overlaying shaded topography.

Despite showing good performance in d02, the higher resolution simulations in d03
and d04-LES fails to represent the rise in humidity and the sharp reduction in temperature
observed at 15:00 UTC. In d03, the hourly temperature profiles are similar for Dunas de
Mira and Figueira da Foz, the two closest weather stations to the study area, but after
15:00 UTC, small increases/decreases are observed in either of the two stations for RH
and temperature, respectively. The effect of the turning wind in advecting cooler and
higher moisture oceanic air is not represented by the model at these resolutions. The
simulated temperature at Figueira da Foz is closer to observations; however, in d04-LES,
this discrepancy is much larger than in d03. The temperature peaks at 12:00 UTC and
from then on begin its slow descent, which contrasts with the sharp descent observed at
coastal stations.
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hPa

(a)

3.4. Model Sounding Analysis

Figure 8 shows a vertical profile extracted at 12:00 UTC from d04-LES over the fire
ignition location, indicating the presence of a low-level jet (LL]) above 900 hPa, which was
also observed in modelled vertical profiles taken later at 15:00 UTC [38]. The potential
temperature gradient is minimal in the 600-1000 hPa layer, showing near neutral static
stability aloft. Dry and hot low levels contribute to a high LCL, above 700 hPa, with the top
of the PBL just below 800 hPa. The “inverted V” profile is still reproduced in the d04-LES
domain with RH values higher than 80% simulated between 500 and 600 hPa.
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Figure 8. Vertical sounding extracted from the d04-Les simulations. Panels (a—d) show wind
speed, potential temperature, temperature (red) and dewpoint temperature (green), and relative
humidity. LCL height and PBL height, from Equation (2) are shown in dashed red and dashed
purple, respectively.

Figure 9 shows the simulated surface wind speeds, wind streamlines, and surface
temperature at four different times: 13:00 UTC, preceding the fire, and the remaining times
after fire initiation. At 13:00 UTC, the presence of horizontal convective rolls is shown
as zones of convergence and divergence at the surface. Convergent zones present lighter
wind speeds converging with divergent, increased wind speeds. The southeastern flow
extends deeper into the ocean at this instant. At 14:00 UTC, the horizontal rolls deform
under the presence of fire and shifting winds, and a convergent zone is seen forming west
of the coastline as winds begin to shift. At 15:00 UTC, the wind speed increases along the
fire front, 9-13 m s 1, and a convergence zone is formed downstream. At this time, the
horizontal convective rolls cease, and the winds weaken south of the fire area. At 16:00
UTC a forked convergence zone surrounds the flanks of the fire, merging north. Winds
along the shoreline increase to 13 ms !, together with fire-induced winds downstream of
the fireline.
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Figure 9. In (a) four panels show wind streamlines and, shaded, 10 m wind speed at 4 distinct
moments of the wildfire. The top left panel illustrates the pre-fire surface and the dashed black line in
the top right panel shows the convergence zone created by the wind direction shift. (b) illustrates the
same moments, with temperature at 2 m shaded.

3.5. Thermodynamics of the Plume

A 3D view of the fire plume, in Figure 10, shows two different moments of the
fire. Figure 10a shows the initial moments of the fire at 13:50 UTC. At this stage, the
wind streamlines began to split into two different levels: a lower level situated above the
LLJ, underneath the top of the PBL, and a plume overshooting, producing a small PyCu.
This was, in fact, observed initially via photographs [31], highlighting the high intensity
that developed early in the fire. Figure 10b shows further penetration of the fire plume
through the PBL and a widespread formation of PyCu downstream, with a maximum
vertical extension of 2 km. These forms of pyroconvective behaviour are explained by [12],
who analyse the thermodynamics of several wildfire pyroconvection events. The vertical
dispositions of the wind shear, LCL, and PBL top, observed in the simulations of the
Quiaios fire, are also compatible with the overshooting profile described by the authors,
with a flattened plume along the vertical wind shear maxima, underneath the PBL top, and
the LCL aloft. This is otherwise observed for most of the simulation time, with several
PyCu generated at the leading edge of the fire plume top and a second lower-level plume
underneath the PBL top. Notably, the streamlines also show how the plume rises in a
corkscrew motion, suggesting a vortex like structure on the vertical plane.
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Figure 10. VAPOR 3D visualisation of the fire plume using WRF-SFIRE’s smoke tracer (reddish grey)
at 13:50 UTC, left panel (a); and 14:50 UTC, right panel (b). Cloud hydrometeors are coloured in
green, and wind streamlines in white. The left panel (a) shows the overshooting plume creating a
small PyCuMore prevalent pyroconvection is shown on the right panel (b). Red arrows on the left
show the vertical wind speed taken at the ignition point at 12:00 UTC, for each designated height on
the scale.

3.5.1. Fire Circulation’s Effect on the LL] and Plume Geometry

To understand in more detail the effects of the fire on the surface, the vertical wind
dynamics and the LL]J, the maximum wind speed height was retrieved from d04-LES model
results and its magnitude determined. Figure 11a,b show two parallel maximum wind
speed heights and magnitude signatures downstream of the fire head, displayed along two
line-like structures, between 2 and 3 km in height or roughly 1 km above the low-level jet
position (~1 km in height). Along these lines, the simulated winds observed were 2-3 m s~
above the 19 m-s~! LLJ. Furthermore, out of these structures, a diminishing maximum
wind speed height, of 200-500 m, occurs along a broad area above and downstream of
the fire, highlighting the effect of fire-induced circulation in lowering the LL]J closer to
the surface, thus promoting the fire spread. This circulation resembles the concept by
Potter [65], who idealised the structure of wildfire circulation as an indraft over the fire and
a return downward flow spread horizontally aloft. However, the circulation of the Quiaios
tire differs from Potter’s concept, which was conceptualised for a no-wind atmosphere, in
that the fire plume is heavily tilted downstream, as shown in Figure 11c. In this case, we
can see how the updraft base and top, where PyCu has formed, are horizontally displaced
by approximately 7 km. Pyroconvective clouds are shown to form downstream of the fire
head (black hatched) approximately 7 km apart. It should also be noted that the zonal cross
section is 9 km away from the fire head, and despite the distance, it shows that the general
updraft and return downdraft convective structure stretches far beyond the fire’s location
and is most likely responsible for the spiralling wind streamlines shown in Figure 10. At
the centre of the updraft, the winds are lighter at the surface, as shown in Figure 11d. The
structure of the updraft is also tilted zonally when comparing the 15:00 UTC cross sections
to the surface results shown in Figure 11. The convergence zone at the surface is still present
in Figure 11c, shifted westward of the fire head, which is also visible in Figure 11d, where
the vertical wind streamline is displaced eastward from the surface by 2 km. The wind
speed maxima occurring above the jet height suggest that the wildfire’s updrafts carry the
circulation upwards and downstream.
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Figure 11. In panel (a), the maximum wind speed height is coloured and the surface fireline is shown
in bold. The red circle signals the position of the fire head, and the arrows show the two maximum
wind height structures formed by the fire circulation. The lightly shaded black contour shows the
location of the clouds on the horizontal plane. The two dashed lines indicate the positions of a zonal
and meridional cross section and will henceforth be used as reference for every other meridional
and zonal cross sections. Panel (b) displays the maximum wind speed at the height from panel (a).
Panels (c,d) show the meridional and zonal cross sections from (a), respectively, maximum wind
speed in shading and wind streamlines on the respective planes. Cloud area is defined in bold black
contour lines.
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The same zonal cross-section as that in Figure 11a is shown in Figure 12a, displaying
the zonal wind component, u. In Figure 12b, the u component vertical profiles from a
no-fire simulation of d04-LES are shown. Similarly, the zonally tilted updraft is indicated
by the black arrow. In Figure 12a, at the surface, the left side of the indraft is stronger than
the right side, most likely enhanced by the changing wind directions between 0 and 1500 m,
as shown in Figure 12b, and discussed in Section 4. Aloft, similar vortex structures are
shown with the updraft entering the PyCu.

1500 UTC
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Figure 12. A zonal cross section, taken from Fi gure 11a shows (a) the shaded u wind component and
wind streamlines. The black arrow highlights the tilt of the fire’s updraft leading into a PyCu cloud,
in dark shading. The same structure of surface convergence and upper diverging winds is shown
aloft by the dashed square. In (b), the environmental u wind component is taken from the no fire
simulation, at 5 different coloured periods, to highlight the change in wind direction near the surface.

3.5.2. Thermal Differences Between Fire and No-Fire Simulations

The differences between the environmental and fire vertical temperatures are shown
in Figure 13a,b. The effect of sensible heat fluxes on the atmosphere showed a temperature
anomaly within the near surface environment of +7 K, at 800 m. Note that this cross section
is displaced a few hundred metres east of the fire head in order to capture the tilted plume
of the fire.

Above the PBL top, sensible heat fluxes no longer register any change in the atmo-
sphere. The meridional tilted updraft in Figure 13c shows a maximum vertical wind speed
of 18 m s~ in this cross section. Once again, the cross section position is not favourable to
observing the strongest updrafts, which range as high as 25 m s~! at 1420 UTC, preceding
this period of pyroconvection in the simulations. The maximum updraft speed is located
approximately 500 m above the maximum temperature anomaly and soon begins to slow
down to 5 m s~! as it reaches the first PyCu. Simulations by Luderer et al. (2006) and
Trentmann et al. (2006) of a large pyCb producing fire in Canada show how the temperature
anomalies from the fire decay quickly with height, and how the maximum updraft speed is
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located near the surface fire, highlighting the importance of sensible heat fluxes in initiating
convection [13,21]. Generally, Figure 13a shows an almost continuous extension of PyCu
formed above the LCL (red dashed line) at 3500 m. The PyCu located directly above the
updraft have a cloud base closer to the LCL, while downstream they possess a higher cloud
base height, at around 4000 m. A temperature anomaly is also visible underneath them,
diminishing as it approaches the top of the PyCu cloud. The PyCu further away from the
top of the fire’s updraft are associated with descending movements.

1500 UTC

| (@)
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Metres N E Metres A\%Y%

Figure 13. Coloured differences in the temperature between the fire and the environmental simula-
tions are shaded the upper panels (a,b), and the vertical wind speed is shaded in (c,d). Red dashed
lines show the environmental LCL, and the purple dashed ones the PBL height. The cross sections
are taken across the constant N-S, W=E lines shown in Figure 11a.

3.5.3. The Effect of Fire on Atmospheric Stability and Water Vapour Transport

Figure 14 depicts the zonal and meridional cross-sections of equivalent potential tem-
perature (6.), potential temperature (0), and water vapour mixing ratio (qv). In Figure 14a
the highest potential temperature is shown near the surface where 0 and qy are maximum,
and where the sensible heat flux from the fire is most intense. As described previously,
plume dilution via environmental entrainment lowers the rising updraft equivalent temper-
ature, 0, and thus its buoyancy. Furthermore, the effect of high wind speeds and turbulence
on tilting the plume further decreases its buoyancy as it is flattened to the horizontal plane,
as shown previously in this wildfire (Figures 10 and 11) [9]. At the top of the updraft, 0 is
lower than the surrounding environment by ~1 K (Figure 14b), and is negatively buoyant,
as shown by in Figure 13a,b. Despite having a lower 6, the 6, of the parcel is higher
than that of the surrounding environment and would have had the potential to become
positively buoyant if enough latent energy would be released by condensation, which does
not seem to be the case, as further downstream parcels are producing downdrafts, likely to
be associated with the sinking of the lifted denser air, but also by evaporative cooling of the
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small PyCu cloud. Moreover, an inversion of 6. was observed above 5000 m, reinforcing
the stability of this level. As stated previously, the CAPE in this profile is zero, as shown
by the lifted parcel trajectory obtained from the environmental profile in Figure 15. Water
vapour with a mixing ratio of 4.5 g kg~! (qv) was transported vertically from the surface
(Figure 14c), along the updraft, to as high as 4000 m, which can also be traced by the
higher 6. aloft, despite lower or equal 0 at the same level. It has also been shown that
the burning of fuel in forest fires contributes to the addition of moisture in the vicinity
of the fire, which can also be seen in PW fields of the simulation of the Quiaisos fire in
(Figure 16a), where an increase of 1.5-2 mm when compared to the environmental run is
detected. References [13,21] refer in their model studies that the total contribution of the
water vapour from fires above 4000 m is less than 10% of the total water in the plume. In
this study’s scenario, the total water vapour contributed by the fire is, at best, 6-8% of the
total vertical qy, which, despite not being a direct comparison, would still fall in line with
the assumption, given how quickly the plume diluted before reaching the LCL (Figure 14a).
The variability of moisture released by the fire could possibly be altered by having wetter
burning fuels, but surface fuel dryness is linked to the atmospheric conditions of heat
and moisture.

1500 UTC

328

5000 10,000 15,000 20,000 0 2000 4000 600 8000 10,000
Metres N E Metres W

Figure 14. Three sets of cross sections are shown, taken across the constant N-S, W-E lines shown in
Figure 11a. PyCu positions on the cross section are contoured in black. The meridional cross section
is shown on the left, and the zonal on the right. Shaded 6 is illustrated in (a), 6 in (b), and water
vapour mixing ratio, qv, in (c).
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Figure 15. Skew-T thermodynamic profile of the 1200 UTC fire ignition point showing the temperature
(red), dewpoint temperature (green) and the lifted parcel temperature in deep black. The LCL height
is shown in dark blue and the temperature for convection initiation (Ic) in purple.
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Figure 16. Integrated precipitable water is shaded in panel (a), fire perimeter in black contours
and pyroconvective cloud position in dashed black contours. Panel (b) illustrates the difference in
precipitable water between the fire and the environmental simulations.
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3.5.4. Composition of the Simulated Pyroconvective Clouds

In Figure 17, we look into the different hydrometeor species present in the PyCu
structure, divided into four species: cloud water mixing ratio qc, rainwater mixing ratio
qr, graupel and snow mixing ratios qg + qs, and finally, ice mixing ratio q;. The specie
with the highest concentration is qc, with up to 1 g kg~!. The remaining hydrometeors
occur at concentrations up to seven times smaller. Rainwater mixing ratios are the second
highest, reaching 0.5 g kg 1. As stated previously, the strongest updraft (~25 m s™!) occurs
at 14:20 UTC, but more developed clouds, with all hydrometeor species, present the highest
mixing ratio at 15:00 UTC. A downdraft formed underneath a PyCu, with a maximum g, of
0.4 g kg~ ! and wind speed of —3 m s}, occurring at 14:30 UTC (Appendix A, Figure A5).

1500 UTC

0 5000 10,000 15,000 0 5000 10,000 15,000
Metres Metres

Figure 17. Shaded hydrometeor species are divided in the four panels, across Figure 11a’s meridional
section. Top left panel—cloud water mixing ratio (qc); top right panel—rain water mixing ratio (qr);
bottom left panel: snow and graupel mixing ratios (qg + gs); bottom right panel—Iie mixing ratio (q;)-
The freezing level (T = 0 °C) is displayed in bold white.

A comparison visualisation between the photographic evidence and the hydrometeors
is shown in the Appendix A, Figure A6, where the presence of graupel, rainwater, and
cloud water is observed in green, blue, and yellow, respectively, at 14:30 UTC. In this
situation, cloud and rain water are present closer to the fire’s updraught, while graupel
only forms further downstream. The configuration of the smoke plume and visible pyCu,
shown in Appendix A, Figure A6, in the left and right panels, show that WRE-SFIRE was
able to simulate hydrometeor formation at concurrent times with a similar plume geometry.

3.5.5. Fire Heat Fluxes Effect on Pyroconvective Cloud Formation

Figure 18 illustrates the effect of the surface heat fluxes from the fire into cloud
formation. Heat flux values were taken along a 1 km x 1 km squared area centred on the
fire head. Between 13 and 14 UTC, the formation of a ~2 km thick cloud is observed, lasting
for roughly 30 min above 3750 m. Some individual clouds are shown to be temporally
scattered, associated with heat flux values of above 30 GW during the initial hour of the
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wildfire. Between 14:30 and 14:50, heat flux once again overcomes the 30 GW threshold,
producing a very shallow, roughly 0.5 km thick cloud, based at 4250 m and with a low
vertical extension, preceding another brief formation of a 1.5 km deep cloud during a
60 GW peak of heat flux, based at 3750 m. This analysis shows that the conditions were
initially more conductive to the formation of pyroconvection, as observed in [39], but began
to deteriorate later into the afternoon. Moreover, the dependence on a continuous heat flux
from the fire is highlighted, as once the energy supply is cut off, any clouds present quickly
dissipate, coinciding with the overshooting pyroconvection profile [12].
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Figure 18. Shaded grey bars denote the vertical extension of clouds present near the head of the fire

and their height, on the left axis. In red, on right axis, the 1 km x 1 km total heat flux taken at the
head of the fire is shown in GW.

3.6. Impacts of Simulation Setup on Potential Fire Spread

During the development of a simulation domain and physical parametrisation setup
that would best represent the tropical cyclone’s flow, issues with the timing of the afternoon
wind shift occurred. These issues were presented by other authors who attempted to use
WREF-SFIRE to reproduce the Quiaios wildfire [34]. In simulations with no imposed fire, a
SW wind flow would drive the fire into an urbanised area, thus hampering its progression.
The wind would shift from SE to SW, as the tropical cyclone moved towards NE offshore,
and would have occurred as early as 12 UTC, instead of the observed 15 UTC in weather
stations reports [38].

The initial configuration for the simulations relied on a large parent domain that could
capture more of Ophelia’s development, consisting of a total of four nested domains that
improved the grid resolution to 100 m. The early wind shift would cause an increase in
the RH and temperature, which would render fire spread impossible. Several tests were
then performed to improve the wind shift timing, namely, changing PBL parametrisations,
altering domain size and time of initialization, adding nudging at different time steps, and
altering the model integration time step. None of the tests provided any improvements to
the original issue, apart from changing the integration time step. Initially, a grid resolution
of 6 times in seconds (6 dx), mentioned in the user’s guide as the upper limit [37] was used,
with no numerical errors in the logs. When the resolution was increased from 6 to 5 dx, the
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results showed that the wind shift timing was delayed by more than 1h. Therefore, another
simulation was performed with the current configuration and a time step of 3 dx to solve
the early wind shift problem.

While in the study the fire was imposed, accurately describing the local meteorology
was necessary to analyse the effects of the wildfire on the atmosphere.

4. Conclusions

To recreate the Quiaios wildfire event on 15 October 2017, the coupled atmosphere—fire
model was used. A nested domain simulation was performed to downscale the large-
scale atmospheric conditions created by the Tropical Cyclone Ophelia. The simulations
underestimated the central pressure and wind speed of the tropical cyclone, but provided a
consistent representation of the vertical atmosphere and meteorological conditions over
Portugal. Dry and hot advection from the southern flow governed in the low levels, and
a moist mid-level layer brought in humidity needed in setting the “inverted v” profile
observed in vertical soundings [38,60], favourable to downdraft events [17].

The simulated surface temperature, humidity, and wind direction in d02 showed
consensus with the weather stations, with the exception of a general overprediction of
wind speed. In d03 and d04-LES, temperature and humidity changes from the arriving
wind were poorly represented in the available stations, namely in d04-LES, where the
temperature began decreasing much earlier than in the observations. Nonetheless, Figueira
da Foz station was the only station available within the d04-LES implementation area, and
was located near an elevation. In the remaining domain, the temperature drops occurred
much later (Figure 9b). An LLJ was observed at approximately 15:00 UTC in vertical
soundings and was well represented in d04-LES.

The fire was dominated by a two-layered plume, one underneath the PBL top (~2 km),
and another that rose above the LCL, generating high-based convection, above 3.5 km
height, with a low vertical extent (~2 km max.), which is characteristic of an overshooting
type of proconvention, occurring when the LCL height is greater than the PBL [12]. The fire
circulation generated indrafts that converged over the fireline and were carried upwards
by the updraft, followed by a return flow that formed two vortex-like structures on the
vertical plane. The descending branches of the fire circulation pushed the LL] further,
closer to the surface, thereby potentiating the wind speeds. A small-scale version of this
upward and downward movement on the surface was observed prior to the fire, when
the surface was populated by horizontal convective rolls, oriented with the wind and
producing higher wind speed in the downwards branch of its shallow circulation. Most
convective activity was governed by the fire-generated updraft because there was no
CAPE that would provide parcel buoyancy. Sensible heat released from the fire was the
main driver of the updrafts, carrying moisture of up to 4.8 g kg’1 to the LCL where it
condensed. Despite the high intensity of the fire on the surface, the tilting of the updraft,
displaced to the north-northeast, diluted most of the buoyancy from the plume, resulting
in negative buoyancy as it reached the LCL. The latent heat released from condensation
was not sufficient to overcome this difference in the temperature above the LCL; thus, any
PyCu that formed very rapidly began dissipating, generating an area of negative vertical
wind speeds downstream (Figure 13a). Moreover, a 6 inversion zone 1.5 km above the
LCL may have also contributed to keep the top of the plume from further growth. Due to
this, no updrafts were registered inside any of the shallow PyCu. The composition of the
shallow PyCu was mostly cloud water, with some rainwater appearing associated with
downdrafts, likely from evaporative cooling of already negatively buoyant air. Ice, graupel,
and snow mixing ratios were between five and seven times lesser than the cloud water
mixing ratio, and their formation occurred at a delay from the PyCu appearance, above
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the freezing level. Furthermore, the fire contributed to moisture release on the order of
1.5-2 mm of PW within the fire plume.

No conclusions can be drawn in terms of fire feedback on the rate of spread, as the fire
was prescribed to provide a better representation of the processes of the atmosphere—fire
interactions, but additional information was given on the formation of PyCu associated with
the Quiaios wildfire. WRF-SFIRE does not provide any information regarding the smoke
plume interaction with the atmosphere, which has been shown to affect the dynamics of
cloud formation and composition, when compared to regular convective clouds [11,14].
However, it does shed some light on a very rare event, during which the circulation of
a Tropical Cyclone is directly related to extreme wildfire events. A sensitivity analysis
to the model integration time-step could also provide further insights on how to more
accurately simulate extreme weather events, improving the timing of how the model
resolves large-scale weather (i.e., tropical cyclones), as referred to in §3.6. There is little
information regarding time step validation in WRF simulations, but a lower time step
has been shown to increase precipitation, hydrometeor condensation distribution, and
microphysical processes [66]

Future applications of this research could improve the current understanding of
atmospheric-fire circulation, providing information that could help firefighters by pro-
viding them with real-time terrain information, which would allow them to predict the
conditions that could lead to the formation of either periodic or sustained pyroconvection
and downburst potential. To that end, more accurate fuel information and fire spread vali-
dation are required in order to produce more accurate results, without the need to use of
time of arrival data, together with the creation of new methods of assessing stability of the
atmosphere under a wildfire. Nonethless, WRF-SFIRE was able to recreate pyroconvection
via moisture and heat fluxes produced by the Quiaios wildfire, capturing its inherent plume
dynamics and interaction with environmental wind.
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Figure A1. Weather station observed 2 m temperature. (—+)—observation; bold black—d02; red—d03;
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Figure A3. Weather station observed 10 m wind speed. (—+)—observation; bold black—d02;

red—d03; blue—d04-LES.
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Figure A5. Above: top left—cloud water mixing ratio (qc); top right—rainwater mixing ratio (qr);
bottom left: snow and graupel mixing ratios (qg + qs); bottom right—ice mixing ratio (q;). The
freezing level (T = 0 °C) is displayed in bold white. Below: vertical wind speed is shaded, dashed red
line show the LCL height and dashed purple the PBL height.

Graupel 14:30 UTC

Rain

Cloud

Figure A6. On the left panels, a VAPOR 3D visualisation of the fire plume and pyroconvection,
shown in white tones and coloured tones, respectively. From top to bottom left the presence of
graupel (a, green), rain (b, blue), and cloud (¢, yellow) hydrometeors are displayed. On the right is a
photography taken at 14:30 UTC from the coordinate point 40.1320 N, —8.8539 W [33,39]. The red
arrows denote the orientation of the pictures.
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