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Abstract Pyrocumulus (pyroCu) formation during convective fire-atmosphere interaction is a driving
factor causing extreme and unpredictable wildfires. Here, by investigating several cases of pyroCu occurrence,
we have monitored fire-induced changes in atmospheric boundary layer (ABL) vertical profiles of state
variables (temperature, humidity, and wind). Particular emphasis is placed in relating them to observed versus
modeled fire spread biases. To this end, during the 2021 fire season in the Iberian Peninsula, we conducted a
pyroconvection monitoring campaign. We gathered data on hourly fire spread, plume surface, deepening and
penetration stages, and in-situ radiosoundings within wildfire plumes. European Centre for Medium-Range
Weather Forecasts ERAS weather data completed the analysis as reference modeling information to
characterize the meso and synoptic scales on the thermodynamic profiles. We propose a novel classification of
pyroconvection-type events based on (a) differences in ABL thermodynamic stability, (b) regions characterized
by high turbulence in the sub or pyroCu-layers, and (c) the reinforced entrainment of free-tropospheric air on
top of every convective plume. This classification defines four types: (a) convective plumes, (b) overshooting
pyroCu, (c) resilient pyroCu, and (d) deep pyroCu/pyroCb. Those prototypes change ABL conditions
(temperature, humidity, height) differently depending on the dry or moist convection enhancement that drives
them. Using this distinct behavior, we find correlations between observed ABL thermodynamic changes after
fire-atmosphere interaction and fire spread biases. Our findings pave the way to quantify the pyroconvection
effect on fire spread and facilitate safer and more physically sound decisions when analyzing extreme fires.

Plain Language Summary Extreme wildfires pose severe problems for responders and managers.
Those fires are unpredictable, driven by fire-induced convection phenomena such as pyrocumulus (pyroCu).
Therefore, to anticipate fire spread in these uncertain scenarios, we need to understand pyroCu formation better.
During the 2021 summer season in Iberian Peninsula, we monitored pyroCu events and launched sondes into
the fire plumes. To investigate fire-induced changes in atmosphere vertical profile variables (temperature,
humidity, and wind), we compared these in-situ sonde measures with modeled profiles from atmospheric model
ERAS. Finally, we correlated the atmospheric vertical profile changes with fire spread biases. We identified
different types of changes characterized by four distinctive types of pyroclouds. In all cases, changes resulted
from air mass dryness from the upper layers of the atmosphere being transported down into the lower layers.
The resulting modified atmospheric boundary layer created different than expected burning conditions and
changed fire behavior to the extreme. We quantified those changes in fire rate of spread correlated with the
updraft vertical velocity inside the fire plume. This research proposes a first quantitative correlation to predict
extreme wildfire behavior driven by pyroCu.

1. Introduction

High fireline intensities can trigger fire-atmosphere interaction, producing more extreme and often unexpected fire
behavior. These fire-line intensities have been enhanced in recent decades by the increase in fuel load (Di Virgilio
et al., 2019; Ruffault et al., 2018; Turco et al., 2018) after changes in landscape management (Pyne, 2019) and
by climate change-driven aridity (Abatzoglou et al., 2019). The resulting extreme wildfires are overwhelming
fire service operational capacity and becoming a new normal (Jolly et al., 2015), even with reinforced efforts
and advanced technologies. The increase in extreme wildfires has had an impact on a global scale, resulting in
dramatic consequences in terms of human lives: 173 deaths in Australia in 2009; 110 deaths between June and
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October 2017 in wildfires in Portugal; 102 deaths in Kineta, Greece, in 2018; 85 deaths in Santa Rosa, California,
in 2017; 94 deaths in Paradise, California, in 2018. As such, there is a critical need to understand fire-atmosphere
interactions better to predict and manage extreme fires.

What defines these extreme fire types is the bias between modeled and observed fire behavior (Rothermel, 1991).
Such bias has previously been used to assess fire-atmosphere interaction's impact during pyroconvective forma-
tion (Andrews et al., 2011). During those events, pyrocumulus and pyrocumulonimbus (pyroCu and pyroCb)
(AMS, 2021) have emerged as the maximum pyroconvective element of extreme fire-atmosphere interaction,
creating unpredictable fire behavior (Fromm et al., 2010; Goens & Andrews, 1998; Lareau & Clements, 2016).
However, it was not until the 2003 and 2009 Australian firestorm events (McRae, 2003) that the importance
of pyroCu/Cb on the “new normal” extreme fire was identified. These first events have been confirmed as a
worldwide trend linked to more frequent episodes of drought and climate change-associated heat waves (Duane
et al., 2021). Representative examples are Chile 2017 (EUCPM, 2017), Portugal 2017 (Guerreiro et al., 2017,
2018), California 2018 (Lareau et al., 2018), Australia 2019/2020, and California 2020 and 2021.

PyroCu/Cb effects on fire behavior have been reported to enhance the fire intensity and the rate of spread (ROS)
(Fromm et al., 2010). However, although fire behavior change to the extreme is a known consequence of pyroCu/
Cb formation, the measurable relationship between the thermodynamic characteristics of pyroCu and the fire
behavior change is still not defined. In that sense, atmospheric boundary layer (ABL) thermodynamic charac-
terization is used to assess PyroCu occurrence during fire events. Qualitative and quantitative indicators based
on atmospheric vertical profile models are used to anticipate pyroCu occurrence and warn of sudden changes in
fire spread.

The first attempts to classify types of extreme fire spread differentiated wind-driven and plume-dominated wild-
fires. These relationships were based on the power of the fire versus the power of the wind ratio (Byram, 1959),
later named convective number (Nc) (Nelson, 1993). In short, Nc quantifies the ratio between buoyant and
shear-driven turbulence on the atmospheric vertical profile. However, a shortcoming is that the Nc value, although
used to assess the potential changes from the wind to the plume-driven type or vice versa (Guerreiro et al., 2017;
Morvan & Frangieh, 2018; Werth et al., 2016), is inadequate as a metric of measurable change on ROS, flame
length or spotting distance (Finney et al., 2021).

Further analysis to quantify fire-atmosphere interactions includes vertical profile modeling analysis to determine
how ABL stratification and stability relate to fire behavior. The process is broadly used to assess the chances for
the plume to reach lifting condensation level (LCL) or convective condensation level (CCL) and the likelihood
of pyroconvection phenomena (Charney & Potter, 2017; Tory et al., 2018). The most common vertical profile
producing pyroCu/Cb formation (Goens & Andrews, 1998; Johnson et al., 2014; Lareau & Clements, 2016;
Peterson et al., 2015, 2017) is identified as a well-mixed dry ABL with a moist layer on top. In a SkewT diagram,
a classic inverted-V shape can identify these conditions (Beebe, 1955; Wakimoto, 1985). The physical interpre-
tation is connected to two different stages within the pyroconvective process: (a) indraft caused by the sudden
fire plume growth when reaching free convection level and (b) downdraft with gusty and erratic winds following
pyroCb maturity, leading to an erratic expansion of the fire (Potter & Hernandez, 2017).

Meteorological indices are commonly used to assess the likelihood and strength of this process's concatenation.
For example, the Haines Index (Haines, 1988) is computed by 0 (K) differences between two heights on the fire
atmosphere's vertical profile, assessing its instability. It has been successfully used to predict extreme fires but has
not been performing well in recent events. It has been observed not to be sensitive enough for decision-making
between fire days, since it tends to build up to its maximum value without allowing the differentiation of fire
days (Pinto et al., 2020; San-Miguel-Ayanz et al., 2020). Convective available potential energy (CAPE), used in
meteorology to forecast storms, has also been used for fire connectivity assessment (Moncrieff & Miller, 1976).
As a complement, downdraft convective available potential energy, or downward CAPE, is also considered to
capture the downdraft effects over fire spread (Potter & Hernandez, 2017). However, fire-induced CAPE, named
fireCAPE by Potter (2005), needs to be computed, making assumptions on how much temperature or specific
humidity will be added by the fire. Potter (2005) proposed a potential temperature and specific humidity pertur-
bation of 2 K and 2 g kg~!, but Luderer et al. (2009) adjusted it to 2 K and 0.2 g kg~!. The pyrocumulus firepower
temperature (PFT) approach by Tory et al. (2018), Tory and Kepert (2020) has recently provided a different
method to eliminate the need for such assumptions. Instead, it proposes computing the minimum fire energy
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release to trigger the pyroCb under the expected mixing layer conditions. Complementing the PFT concept,
Leach and Gibson (2021) propose quantifying the potential for pyroconvection.

Nevertheless, all the above indices and measures still lack proper translation into fire behavior variables,
such as the measurable increase in ROS (m s~!), burnt area rate (ha-h~!), or spotting distance (m). Leach and
Gibson (2021) recognized this limitation in their work on the potential for pyroconvection.

The development of fire-atmosphere coupled models such as MESO-NH ForeFire (Filippi et al., 2009) and
WREF-Fire (Kochanski et al., 2015) has helped to quantify fire behavior changes due to fire-atmosphere interac-
tion. Their application has improved dramatically over the last 15 years. However, they are still limited in terms
of the verifiable physical theory of fire spread (Finney et al., 2021) and the fire-atmosphere interactions under
different types of pyroconvection events (Bakhshaii et al., 2020).

In fact, what is classified under pyroconvection includes different observed fire plumes and pyroCu types impact-
ing differently on fire spread patterns. The different types of fire-atmosphere interaction have been previously
described as different convective regimes, generally classified as “dry”” and “moist” convection (Wakimoto, 1985).
The moist regime has been identified as the one developing deep pyroCu/Cb and the most extreme fire behavior
(Fromm et al., 2010). The transitions between those conditions are important and need better understanding
since they develop sudden changes in fire spread. A representative example of pyroconvection dynamism is what
occurred during the October 2017 extreme events in Portugal (Castellnou et al., 2018; Guerreiro et al., 2018).
Using the classification we present here, three types of pyroconvection were observed. First, fires transitioned
from surface layer plumes to pyroconvective plumes with overshooting pyroCu. The transition created sudden
increases in the fire ROS. Second, the fires grew intense and their plume deepening above ABL allowed a tran-
sition from dry to moist convection, creating and maintaining a resilient pyroCu. The second transition created
sudden changes in spread direction and further changes in ROS. Finally, after humidity advection driven by the
arrival of a cold front into the area, plumes showed a third transition to deep moist convection creating a pyroCb,
followed by chaotic downdraft-driven expanding fires.

The Portugal 2017 case shows a critical need for accurate data on how different types of pyroconvection affect the
ABL thermodynamics, inducing a new fireABL that will imply changes in fire spread. The information needed
can be collected by launching radiosondes directly into the fire plume or by radar Doppler readings of fire plumes
(Lareau & Clements, 2016, 2017). The different processes can then be correlated with differentiated changes in
fire spread.

Our main goal was to move forward and establish relationships between the development of different pyrocon-
vection types and their impact on fire behavior change to be used in the operative field when making decisions.
Therefore, with this study, we have aimed to identify different pyroconvection processes and relate them to meas-
urable changes in fire spread variables. To separate pyroconvection, we have proposed a classification using the
turbulence levels within the ABL, namely LCL, ABL and maximum wind shear height. Due to proposing this
classification based on the data gathered in only one fire campaign, the different pyroconvection forms will be
identified as “prototypes.”

For our research, we launched 13 sondes in seven active fires with known fire spread characteristics during the
2021 fire season in the Iberian Peninsula.

2. Fundamental Concepts and Methodology

During the 2021 Iberian Peninsula fire season, we conducted a pyroconvection campaign to classify different
PyroCu motions and their influence on fire spread changes during observed extreme fire behavior events. The
methodology is organized first by describing the fundamental concepts used to characterize plumes, boundary
layer thermodynamics, and fire spread (Section 2.1). Second, we describe the field methodology for launching
sondes into the fire plume (Section 2.2). Third, we describe how biases between observed and modeled fire
spread are identified as extreme fire events (Section 2.3). Fourth, we describe how we analyze the vertical profiles
measured on the field campaign and frame them with the ERAS5 model to characterize the fire-induced changes
in the vertical profile (Section 2.4).
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a) Observation capacity example

b) Stages Scheme c) Mixed layer simplification
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Figure 1. Plume characteristics observation scheme and equivalence with plume stages and mixed layer parametrization. (a) Observed plume characterization during
Santa Coloma de Queralt fire on the 24 July 2021 (Table 1). Flattened plume, overshooting, and pyroCu are added to reinforce the characteristic needed to classify

pyroconvection. (b) boundary-layer description including surface, penetration, and deepening stages (Potter, 2002). (c) Characterization of the atmospheric boundary
layer (ABL) using mixed-layer theory (Stull, 1988). The dotted lines connecting the three figures are: estimated ABL top in violet, lifting condensation level in green,

and wind shear in yellow.

2.1. Fundamental Concepts to Characterize Pyrocumulus and Its Relation to Surface Fire Spread

The fundamental concepts used in this study are based on (a) the classification of visible plume characteris-
tics adapted to plume stages (Potter, 2002); (b) thermodynamics and state variables in the mixed-layer theory
(Stull, 1988), and (c) fire behavior modeling as described by Andrews (2018).

2.1.1. Plume and ABL Characteristics

Directly observing the plume rising process into ABL provides the first data to classify pyroconvection events.
Figure 1 conceptualizes the plume characteristics observed during the fire (Figure 1a), its equivalence with the
ABL layers and plume stages (Figure 1b), and the ABL thermodynamic variables used by the mixed-layer theory
scheme (Figure 1c). We describe below the main concepts used in this study:

ABL levels and ratios:

e ABL top: mixing layer height (m).

e Maximum wind shear: height (m) of the maximum wind gradient (m s~!). Visible in the plume observations
because it breaks and tilts the plume.

e LCL: height (m) at which a parcel of moist air lifted dry-adiabatically would become saturated.

e LCL/ABL and shear/ABL height ratio: a measure of the turbulence height above (>1) or below ABL (<1)

Although Lareau and Clements (2016, 2017) proposed CCL as a better metric to identify the pyroCb cloud base,
we use LCL as a more generic variable. LCL enables us to group fire observations under all sorts of atmospheric
conditions, following recent works assessing the potential of pyroCu formation (Leach & Gibson, 2021; Tory &
Kepert, 2020; Tory et al., 2018).

When referring to the levels, we will differentiate between the environment and those inside the fire. Therefore,
we will refer them inside the fire as fireLCL, fireABL, and fireShear.

Plume characteristics:

e Flattened plume: thick smoke stratified layer, without buoyancy.

e Overshooting: when the buoyant smoke plume rises momentaniously above the flattened plume top layer
(Biondi et al., 2012; Dworak et al., 2012).

e PyroCu: a cloud formed by a rising thermal from a fire when it reaches LCL (American Meteorological
Society, 2021).

e PyroCbh: an extreme manifestation of a pyroCu when deepening above LCL and rising to the upper tropo-
sphere or lower stratosphere (American Meteorological Society, 2021).
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Although The World Meteorological Organization defined in 2017 these types of clouds as flammagenitus clouds
(WMO, 2017), the pyroCu and pyroCb definitions from the American Meteorological Society are used in this

paper.

e Plume updraft: rising convective wind inside a smoke plume.
e Plume indraft: radial surface wind at smoke plume base induced by an updraft.

Observable plume characteristics are combined with the plume stages scheme, proposed by Potter (2002). Plume
stages thermodynamically characterize the plume's rising (Figure 1b) through the ABL or above it:

* Surface stage: the plume grows inside the ABL surface layer, roughly estimated and assumed to be 10% of its
total height (Troen & Mahrt, 1986).

e Penetration stage: the fire plume breaks into the ABL mixing layer. The induced indraft due to plume rising
drives effects over the fire.

e Deepening stage: the plume breaks above ABL, entering the entrainment zone and deepening into the free
tropospheric stable layer. The € lapse rate will condition further vertical development.

If during penetration or deepening stages condensation occurs and a Pyrocloud is formed, we will then follow the
mixed layer notation (Vila-Guerau de Arellano et al., 2015) and incorporate:

e Pyrocloud layer: layer above the mixing layer where the cloud develops to the top of convection
e Sub-pyrocloud layer: well-mixed layer below the cloud.

2.1.2. Vertical Structure Characteristics

We subsequently compared plume characteristics and stages with the mixed layer theory, as in Vila-Guerau de
Arellano et al. (2015) (Figure 1c), as the first approach to estimate the thermodynamics involved in the plume
rise through the ABL structure.

The intercomparison of fire and environmental observed vertical profiles with modeled profiles was done based
on the conserved variables (Figure 1c): specific humidity (¢) and potential temperature (6). Their gradients on the
mixing layer (00/0z and dq/dz, 6-gradient and g-gradient, respectively) are essential to determine ABL stability
(Liu & Liang, 2010; Vogelezang & Holtslag, 1996). The jumps at the entrainment zone between ABL and free
atmosphere (Ag, Af) and lapse rates on the free atmosphere (y,, y0) assess the ability of a parcel to penetrate
above ABL and achieve free convection. The characterization is completed with the three components of wind
(u, v, w), relative humidity (RH), ABL, LCL and shear height, and available CAPE.

The Bulk Richardson number (Ri,) represents a dimensionless number that compares convective versus mechani-
cal turbulence. In our specific case, we define a critical Richardson number, that is, Ri, . > 0.33 (Zhang et al., 2014)
to estimate the boundary-layer height. The preference for Ri, is based on its higher reliability under variability of
conditions (Richardson et al., 2013).

90

. (£) @ -00h

)]

2 2
u, + v,

where g represents gravitational acceleration (m's~2), 8,, and 6, are virtual potential temperatures (K) at level h
(ABL height) and surface, and u, and v, are the wind speed (m-s~!) at level h.

LCL was computed based on LCLg (surface conditions) using an iterative approach, as in METPY library (May
et al., 2022), consisting of computing dew point from LCL pressure and surface mixing ratio and LCL pressure
from surface temperature and mixing ratio.

CAPE was computed using Fire-CAPE (Potter, 2005), which integrates the fire effect on modifying ABL surface
layer:

(0) + A6:(0)) — (Beu(2') + AO:(2")) dz

Oc\(2") + 6:(2") @

z
FireCAPE = g / Oex
0

where 6, and 6, (K) are read as potential temperature from the environment and fire, z (m.a.g.1.) is the elevation
on the vertical profile, and g (m's~2) is the gravitational acceleration.
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2.1.3. Fire Behavior Characteristics

A necessary aspect of our research was to correlate extreme changes in fire spread patterns with pyroconvection
events occurrence. The extreme fire concept was considered following Werth et al. (2016). In their work, they
identified extreme fires as those related to coupled fire-atmosphere dynamics. The predictability of fire spread
during such extreme moments depends not only on surface conditions but also on the thermodynamic state vari-
ables and their vertical distribution in the atmosphere.

When characterizing and modeling fire spread, we were interested in the energy released within the ABL to quan-
tify fire interaction with the atmosphere. Therefore, we considered the following variables:

e ROS,inm-s~!, defines the fire forward propagation speed over a landscape. We will consider the head fire ROS.

e Burnt ratio (hah ~'): expresses the surface burnt per unit of time. Although it is m?-s~!, it is mainly used in
ha-h~!.

e Fireline intensity (FLI), in KW -m~', expresses the energy the fire is releasing per unit of the forward spreading
front. It is the primary measure to calculate fire effects. We use the Byram (1959) definition:

FLI = H % w * ROS, 3)

Where FLI is Byram's fireline intensity (kW-m™"), H is the heat yield of fuel involved (kJ-kg~"), w is the weight
of the available fuel (kg'm~2) and ROS is the rate of forward spread (m-s™").

Observed fire spread data were obtained from the FRS (fire and rescue service) following mapping of the
observed fire perimeter position. We then computed the ROS using the maximum hourly distance traveled by the
fire front between two consecutive isochrones and following wind direction.

Modeled ROS was obtained using Rothermel's (1972) semiempirical fire spread model, as described by
Andrews, 2018. A landscape database (Finney, 1998) for each fire was needed to run the simulations. In that sense,
topography was modeled using a 30 m resolution digital terrain model. The weather was obtained from an official
automatic weather station network (Servei Catala de Meteorologia, 2021). The fuel types were characterized
according to Anderson fuel types (Anderson, 1982), extracted from lidar-based fuel layers (Gonzalez-Olabarria
et al.,, 2019) in PREVINCAT server (PREVINCAT, 2021). We followed the simulation methodology as in
Finney (1998) and Andrews (2009).

Equation 3 was then used to estimate FLI with the modeled and real measured fire ROS.

2.2. Sounding Observations: Procedure and Evaluation
2.2.1. Launching Methodology

To compare the thermodynamic characteristics of the fire-modified atmosphere with the environment's vertical
profile, we launched sondes inside the fire plume on days with pyroconvective favorable conditions (see Text
S1 in Supporting Information S1). The launching position is key for the measurement, as illustrated in Figure 2.
It requires special procedures (Figure 2a) and a position as close as possible to the convective plume and its
indraft. We expected the sonde to be caught inside the lateral convective vortex (Finney et al., 2021) as drafted in
Figure 2b. In doing so, we forced the sonde to be sucked directly into the plume developing above the head fire,
to capture the intensive updraft inside the plume's core.

To ensure that the launching of sondes was carried out safely, several essential precautions were taken. First, fires
can change behavior and rapidly increase ROS. Second, sondes launched near the fire front can present a risk
to aircraft involved in fire management operations. Third, the launching process must be carried out quickly to
prevent exposure to the risk of the launching team getting trapped in the fire. Consequently, we ensured careful
coordination with the incident command and control to launch the sondes close to the plume.

2.2.2. Quality of Fire Sonde Type Compared With LIAISE Sonde

To ensure confidence in our observations, we evaluated the reliability of the light-sounding system used (see Table
S1 in Supporting Information S1) during the campaign. The fire-sondes were calibrated with regular meteorolog-
ical sondes Vaisala RS41-SG at the official LIAISE experiment (Boone et al., 2019), used by Météo-France on 10
July 2021. They were both launched in-situ and at the same time to compare accuracy. A satisfactory agreement
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Figure 2. Launching sonde T21 (Table 1) at the head of Torroella fire (22 July 2021). (a) Launching site at the fire-head, approximately at 150 m downwind of the head-fire
(see Text S1 in Supporting Information S1). Observe the spotting around the firefighters with the car ready to leave to the safety zone (See Movie S1). Vertical buoyant
flames under the plume can be observed above the pines as a clear signal of plume-dominated environment. (b) The perspective of the launching moment (see Movie S2)
with team position (red circle). The picture shows the fire spreading direction (red arrows) and the two counterrotating vortexes (blue arrows) created by the plume indraft on
every flank when converging at the base of the head plume (black arrows). The yellow line shows the aimed sonde trajectory inside the plume (Picture source: Bomberscat).

between the temperature (7,), dew point temperature (7,), and wind bars (speed and direction) was observed on
both sonde's profiles projected on a skew-T chart (Figure 3), coinciding with a similar experiment by Bessardon
et al. (2019). The same layering was observed in terms of thermal inversion and wind shear, including the unsta-
ble ABL from surface to 910 hPa and the 3 K inversion and wind shear around 900 hPa.

2.3. Extreme Event Identification

In our research, we compared the modeled with the observed ROS (m's~!') and FLI (kW-m™). The bias of
observed versus modeled ROS and FLI during pyroconvective events is then evaluated to quantify possible
fire-atmosphere interaction effects. We have identified extreme events when the observed versus modeled ratio
value equals or exceeds 3 (Rothermel, 1991).

Our fire behavior analysis is based on ROS and ROS is an observable measure of fire behavior used by fire services
and is well estimated by surface spread models (Finney et al., 2015). It is a reliable variable to obtain FLI (Equa-
tion 3) and estimate the fire's heat flux or power (Harris et al., 2012) that the fire front is introducing into the ABL.

2.4. ABL Mixing Layer Thermodynamics Characterization for Pyroconvective Prototypes

To assess fire-induced changes in the thermodynamic profile, we compared our observations of plume-atmosphere
interaction with vertical profiles from sondes (in and out of the fire) and modeled vertical profile data to cover the

800 -

—— Ts LIAISE
— Ts Fire operational sonde
Td LIAISE

Pressure (hPa)

900 -

1000

—— Td Fire operational sonde
>~ Wind LIAISE
>~ Wind Fire operational sonde

RO A
PRSI /A

rf

303.15

Temperature (K)

Figure 3. Comparison and calibration of the fire-operational sondes consisting of small storm balloons. Ambient temperature (7}), dew point (7,), and wind bars
(direction and intensity) are shown for both sondes. LIAISE by MeteoFrance, and fire-sondes were launched at 13:30 UTC on the 10 July from the same spot at Ivars
d’Urgell. As observed, the match with the two systems was satisfactory on all variables (pressure, T, T,, wind speed, and wind direction).
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daily ABL dynamics. For modeled data, we introduced the ERAS data set (Hersbach et al., 2020) from European
Centre for Medium-Range Weather Forecasts, with 0.25° spatial resolution computed every hour. The 37 original
levels of the ERAS output are interpolated to achieve a profile with data every 10 m and facilitate intercomparison
with fire-sonde data.

We know that model results such as ERAS cannot resolve atmospheric features driven by steep topography or
sub-grid effects due to surface heterogeneities. However, the model adequately captures synoptic and meso-alpha
patterns (Thunis et al., 2007) in which fire is evolving. Indeed, ERAS is currently used by the fire community
(Artés et al., 2022). Model results calculated using a higher resolution, that is, using for instance, AROME or
WREF, could have been used, but this will be future research (Eghdami et al., 2021).

In Text S2 and Figure S1 in Supporting Information S1, we present the ERAS validation compared with LIAISE
and in-fire sondes.

2.4.1. Drafting Pyroconvection Prototypes

Fire plume interaction with ABL had been characterized following Section 2.1.1 to propose the first pyroconvec-
tion prototypes. The classification was based on ABL stability, plume characteristics (flattened, overshooting,
PyroCu, PyroCb), plume stages (surface, penetration, or deepening), and turbulence position (height) on top of
ABL. ABL stability is determined according to Liu and Liang (2010), as unstable (§-gradient < 0.1073 K-m™"),
stable (#-gradient > 1.1073 K-m™!) or neutral (0 < #-gradient < 1.10~3 K-m~!). Turbulence position assessment
was carried out using primary ratios: LCL/ABL height (m) and shear/ABL height (m). Values >1 or <1 point to
turbulence above or below ABL.

2.4.2. Assessing Fire-Atmosphere Interaction-Induced Changes

The analysis is based on conserved meteorological variables (g, 6, Ag, A9, y,, and y6) as described in Figure lc
and Section 2.1.2. Relevant to our analysis is the calculation of critical variables: ABL and LCL height, maximum
shear height (m), firecCAPE and plume updraft vertical speed. The plume updraft vertical speed is computed
considering relative rising balloon ascent (m-s~!) in our sondes.

We used the Richardson Ri, (Equation 1) to compute ABL height. The recommended procedure (Zhang
et al., 2014) proposes beginning to compute it at 200 m AGL to avoid surface layer disturbance on the ABL height
estimation. However, we observed that the surface layer, where we launched the sonde to ensure it is entrained
into the fire-thermal plume, is dominated by plume indraft winds converging at the plume base (Charland &
Clements, 2013) as observed in Movie S3. Applying Rib methodologies without ruling this indraft surface layer
out will show a significantly lower ABL according to wind shear and stability. Therefore, we propose to compute
Rib starting above the surface layer, estimated to be roughly 400 m AGL.

We first compared the observed fire plume radiosondes with the environmental ones measured nearby but outside
the fire. We focused on the 6, g, RH and vertical updraft speed to assess fire-induced changes on the vertical
profile and prove fire causality.

Second, we focused on comparing the obtained vertical profiles inside the fire plume with the modeled ERAS
profiles. We completed for every singular in-fire sonde observation the comparison of 6, ¢, RH and updraft
vertical speed as well as fireLCL and fireABL height with ERA 5 modeling expected ABL and LCL height. We
focused our analysis on the pyroconvective event from Section 2.3, including previous and after-hours modeled
profiles to frame the pyroconvective event properly.

3. Results

The results are presented first by classifying fire spread characteristics to identify the extreme fire behavior moments
(Section 3.1). Second, we have described these identified extreme moments according to the initial ABL envi-
ronmental conditions and observed plume characteristics (Section 3.2). Third, we have proposed pyroconvection
prototypes for every extreme moment mentioned (Section 3.3). Fourth, for every pyrocovection prototype, we have
analyzed the fire-atmosphere-induced changes in the vertical profile thermodynamics (Section 3.4). Finally, we have
correlated the fireABL thermodynamic changes with fire spread biases identified to prove causality (Section 3.5).
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‘We monitored 144 hr of fire-atmosphere interaction from seven fires during our 2021 campaign (Castellnou et al., 2022).
Five fires have the complete data set, and two have observations but no sounding. In Figure 4, we show the location
of each fire. In orange we signal those fires that showed a pyroconvective event, its plume was monitored, and sondes
were launched into its fire plume. In yellow we signal the fires that a successful sonde couldn't reach the plume but
were monitored. A total of 13 successful sondes were launched, capturing pyroconvective events during seven different
wildfires. Horizontally, these fires varied in size from 60 to 7,400 ha, with a vertical plume height of 900-7,900 m.
The fire perimeters in Figure 4 show the hourly isochrones with the overlaid sondes trajectories to better understand the
fire spread pattern. Unfortunately, we had issues with the quality of data recovered on two of our fires with successful
sondes. In Pobla Massaluca (Figure 4d), contact with sonde was lost before reaching the ABL top. In Sierra Bermeja
(Figure 4e), we could not recover appropriate hourly spread data.

J“Santa Coloma Queralt (1st day) :

iy ~

Figure 4. Iberian Peninsula map with the seven fire locations. On orange, the fires where sonde data is completed. On yellow fires where the sonde data is partially
completed. We mark the MeteoFrance/LIAISE official radiosounding 2021 site in blue. Every fire perimeter, isochrones, and sondes launching sites and trajectories are
included to clarify the position and moment of the fire-atmosphere interaction captured by the sonde. Please note that figures are not at the same scale to facilitate reading.
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3.1. Observed Fire Behavior Characteristics

The fire spread biases, identified by comparing between observed and modeled FLI, are presented in Figure 5 as
the fire behavior metric to assess the impact of fire-atmosphere interaction.

Both distributions, modeled and observed FLI, peak around 4 - 10° kW-m™!, showing a mid-level FLI to dominate
through the 2021 fire season. However, the observed distribution is skewed to the right (1.31-2.37), following
the pyroCu distribution. It is important to highlight that those pyroCu events, although they show the distribution
with the skewed difference between observed and modeled FLI, were not the highest events registered.

To understand the extreme events, in Figure 6, we compare modeled and observed FLI profiles for each fire
to identify FLI biases that can be classified as extreme moments. In addition, we annotate times of observed
pyroclouds (pyroCu or pyroCb) which sonde measurements have characterized. Biases in FLI (Figures 6a—6d)
are linked to pyroconvection moments, including no pyroCu convective plumes. The only exception is for the
Pobla de Massaluca fire (Figure 6e). In this case, the low FLI values can be explained due to the agricultural field
pattern, which limited fire spread and reduced fire fronts to flanking and backing behavior.

PyroCu events coincided with FLI exceeding 1 - 10* kW-m~!, the point at which firefighting capacity is over-
whelmed (Tedim et al., 2018). Nevertheless, non pyroCu convective plumes observed at Torroella (Figure 6a)
and Santa Coloma de Queralt (Figure 6b) also showed high FLI biases, including the maximum FLI recorded
during our campaign, with 5 - 10* kW-m~'. Our observations reinforce the idea of linking overwhelming fires to
the occurrence of all pyroconvective event types.

The range of FLI observed varied between fires making direct comparisons between them difficult. We normal-
ized the values to solve this variability (Figure 6f), dividing observed by modeled value. The results show that the
ratio averages 1, suggesting that extreme fire behavior (values >> 1) occurs during short pyroconvective events
amid normal spreading fires (values = 1).

As an example, in Figure 6d, although pyroCb generated arelatively low 1.8 - 10*kW-m~! of FLL, it yielded changes
in fire ROS by a factor of 34. In contrast, Figure 6b shows a pyroconvective plume producing 5 - 10* kW-m™!
but a normalized ratio of 4.2. The fire in Figure 6b was an already intense fire that pyroconvection accelerated,
but the fire in Figure 6d was a low-intensity fire transformed into an extreme fire suddenly by pyroCb formation.

FLI (kW-m~1) distribution

=== Firefighting capacity limit
== Avg FLI Observed (8465.5 kW/m)
== Avg FLI Expected (4288.1 kW/m)
FLI Observed
FLI Expected
FLI Observed during PyroCu event

Skewness expected: 1.27
Skewness observed: 2.48

Count

: T T T
0 10000 20000 30000 40000 50000
FLI (kW-m~1)

Figure 5. Observed and modeled hourly fireline intensity (FLI, kW-m™!) distributions compared with observed

pyroCu events distribution. The modeled FLI distribution has a mean of 4,288 kW-m~! (orange line) compared with the
8,465 kW-m~! of the observed FLI distribution (blue line). The green data set is the portion of the observed data set when
a pyroCu was observed. The plot shows how the observed distribution is skewed to the right following pyroCu events
distribution.
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Figure 6. Observed fireline intensities (FLI) in kW-m~! in every fire compared with the modeled fire behavior using surface
conditions. Every fire is labeled by pyroconvection type observed and sonde launching moment. We show FLI limit for
firefighting capacity at 1 - 104 kW-m~! (Tedim et al., 2018). () A final boxplot shows the observed versus modeled FLI ratio
for each fire. The “0” markers are outliers of the data set. Note that SCQ5 has had to be represented by a subplot due to its
scale difference.

Our results suggest that using normalized values is critical to our extreme event analysis. It is important to clarify
that the fire-atmosphere interaction needs to be analyzed by the ratio of change in fire behavior variables to allow
intercomparison between fires.

3.2. Initial Monitoring Plume and ABL Characteristics

The pyroconvective events identified in Figure 6 by FLI biases are analyzed in Table 1, looking for conditioning
variables to draft out our pyroconvective prototypes. We combine for every event the visually observed plume
stages and characteristics as in Figure 1 with ERAS5 modeled mixing layer values.
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The first ABL condition that differentiates pyroconvective types is the stability of the mixed layer, based on
0-gradient from ERAS. For example, the stable ABL situations during pyroconvective event T21 with 6-gradient
>1 - 1073 K'm™! represent a non pyroCu convective plume only reaching the penetrating stage. In contrast,
pyroCu events M11, SCQ41 and SCQ51 show deepening stages and are well-correlated with neutral or unstable
0-gradient <1 - 107 K-m~L.

The second condition that differentiates pyroconvection types is LCL height. When LCL/ABL height ratio is >1,
fire plumes from intense wildfires can create a deep convective plume with short-living pyroCu. Here we have
coined the term “overshooting pyroCu” to name the brief pyroCu pulses that happened in pyroconvective event
SCQ32. Meanwhile, pyroconvective events with LCL/ABL<1 will create a “resilient pyroCu”, lasting tens of
minutes, as observed during pyroconvective event M11.

Further evolution of the pyroCu depends on a third conditioning variable: yé. This is the main characteristic that
supports pyroconvective event SCQ51, with a low yf of 3.9 - 1073 K-m~!, which evolves to deep moist pyrocon-
vection reaching a “deep pyroCu” or almost a pyroCb. While in contrast, pyroconvective event SCQ41 with a
higher y0 (5.1 - 1073 K-m™") shows an inhibited pyroCu growth.

The fourth observed condition is maximum wind shear height. When wind shear appears at a distant height from
LCL, it inhibits the vertical plume development process, tilting the plume into a flattened angle. For example, in
pyroconvective event M11, shear above the LCL and ABL yields to shearing of the already developed pyroCu,
preventing further development. On the other hand, when shear height is close to LCL, deepening into the free
troposphere is increased by the enhancement of turbulence driven by the local shear. This fact is observed in
pyroconvective event SCQ51, where despite strong shear, its coincidence on top of ABL with LCL allows deep
pyroCu/Cb to occur.

Overshooting appears to be the fifth condition in pyroconvection. In short, it accelerates penetration or transi-
tion to deepening, possibly by strengthening the mixing or entrainment processes. This overshooting is linked
to sudden heat flux emitted due to fire activity increase after changes in fuel, meteorology, or terrain. Its key
role was observed in all cases, and especially in pyroconvective event SCQ32, where the deep convective plume
developed up to 2,400 m despite having a stable #-gradient =3 - 1073 K-m~.

3.3. First Pyroconvection Prototypes

After conducting the conditioning variables analysis, the results from 144 hr of plume monitoring were synthesized
and presented in Figure 7, producing the first pyroconvection prototypes. The figure organizes pyroconvective
events in order of increasing pyroconvection activity and mixed layer instability. In addition, another clear trend
appears, consisting of increasing turbulence (shear and LCL) height closeness to ABL top.

The identified prototypes include “surface plume” (Figure 7a), as the initial or final stage of pyroconvection
during which fire interaction is limited to the surface layer. Pyroconvection types start without cloud formation,
namely “convection plumes” (Figure 7b). Those plumes present a clear height ratio of LCL/ABL >1.

PyroCu types start with “overshooting pyroCu” (Figure 7c), a short-lived pyroCu that forms in a slightly stable
ABL. This pyroCu, having a height ratio LCL/ABL > 1 can only occur following a plume overshooting. Persis-
tent pyroCu appear in unstable ABL and are characterized by “resilient pyroCu” (Figure 7d), which forms in ABL
with a height ratio LCL/ABL < 1. This type uses favorable conditions that facilitate permanent condensation
but is limited in its vertical growth by shear or stability (y8) within its upper layers. Finally, a “deep pyroCu” or
a “pyroCb” (Figure 7¢) happens when a pyroCu development breaches the atmospheric cap and attains a free
convective state.

In our diagram in Figure 7, another possibility can be drawn if we consider a repeated overshooting pyroCu. In
this dry convection case, persistently overshooting creating moist pulses could transform situation Figure 7¢c into
Figure 7e, the pyroCb type. It is an extreme case, depending on a sustained overshooting due to an increased fire
behavior by a continuous change in fuel or topography. Although not observed in our 2021 campaign, similar
cases have been described in the literature (Tory et al., 2018).

The importance of every pyroconvective event can be assessed by considering the relative number of hours each
pyroCu prototype was observed. Details are presented in Figure 7, accounting for pyroCu activity duration in fires
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Figure 7. Pyroconvection prototypes observed during our 2021 campaign were illustrated by a picture of a real plume and a scheme of the conditioning variables from
Table 1. The frequency expresses the proportion (%) of fire hours of every pyroconvective type observed during the 144 hr monitored in our campaign. The red line
represents the @ profile, violet level the atmospheric boundary layer top, green level the lifting condensation level, orange level the wind shear. The back color shows the
intensity of fire behavior change observed when the pyroconvection prototype is present.

that had shown pyroconvection activity. Surface fire type, with no pyroconvection, represents 54.9% of observed
fire hours. If we consider the convective plumes, fire spread hours without pyroCu account for 89.6%. PyroCu
types are only present in 10.5% of fire hours, and deep convection is restricted to 0.7%. Our findings support
the idea of pyroCu formation as singular and rare events (Potter & Hernandez, 2017). The final percentages for
every prototype considering all fire season activity will be much lower since our data set only contains data of
successfully pyroconvective fires during 2021 fire season, representing 0.012% of 2021 fires (GENCAT, 2021).

3.4. Fire-Atmosphere Interaction Induced Changes in Vertical Thermodynamics

After classifying the observed pyroconvective events into different prototypes, we analyze each prototype's
changes induced by fire-atmosphere interaction.

First, we compare in-fire sondes with environment sondes. Second, we evaluate plume deepening above ABL as
a process that can reinforce entrainment. Third, we analyze changes induced on ABL thermodynamics that create
the new fireABL as a final step of the fire-atmosphere interaction.

3.4.1. Comparison of the In-Fire Plume and Outside Plume Sondes

We compare sondes M11, M12, and M13 from the Martorell fire on July 13 (Figure 8). Sonde M11 (in-fire
plume) reached the fireABL top in 8 min, showing condensation as a pyroCu. M12 (outside but underneath the
fire plume) took 15 min to attain M11 altitude, finally reaching the plume's flattened top layer. M13 (sounding
near the fire during a non-pyroconvective event) was sheared at a lower altitude, not reaching ABL top. M11 is
the only one that measured a descent for 10 min of the flight. During the 10 descending minutes, the sonde was
embedded within the pyroCu, indicating a downdraft of the pyroCu dragged it.
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Figure 8. Sonde M11, M12, and M13 ascending paths comparing the
in-plume-modified atmosphere (M11) and outside plume M12 and M13. M12
launched outside the fire but underneath the influence of the pyrocloud. M13
was launched outside the plume and outside the influence of the pyrocloud.
We show profiles of (a) updraft vertical speed (m*s™'), (b) relative humidity
(%), (¢) mixing ratio (g'kg™"), and (d) 0 (K).

Comparing the state variables, we found that the 0 values, averaged over the
ABL depth, were very similar for all profiles, whereas moisture observa-
tions showed differences. M13 had a high g of 9 g-kg™' at the surface but a
relatively low ¢ higher up in the atmosphere. In this profile, the surface was
influenced by the sea breeze from the east, whereas the air higher in the ABL
was dry continental air from the west, explaining this difference in ¢. This
q profile skewness is less visible in the profile of M12 and especially M11,
which shows a well-mixed profile and a higher average q.

Figure 8 provides additional information concerning increased entrainment
induced by pyroCu into the sub-cloud layer. M11 shows that 6 inside the
downdraft is cooler than at the same height during updraft or nearby M12
sonde. Next to this, the g in this downdraft part of the profile is slightly higher
than the g at the same height in the updraft, just before the radiosonde reached
the downdraft. This fits the theory of evaporative cooling. Near the edge
of the pyroCu cloud, the saturated air evaporates, requiring energy and thus
cooling down the air while simultaneously moistening it. With the colder air,
the air subsides and causes entrainment into the fireABL. This entrainment
of more moist air into the fireABL likely explains why the profile of M11 is
less skewed than the other profiles and has a higher g.

Although a sea breeze is also a possible cause of an increase in humidity,
here, all three profiles were under the influence of the sea breeze. Conse-
quently, the higher g in M11 cannot be explained by the sea breeze, making
it likely that the increased humidity is produced by entrainment from the
pyroCu layer. Because of the spatial and temporal proximity of all three
profiles, it is unlikely that any difference is produced by local effects.

3.4.2. Fire Reinforced Entrainment Characterization

A comparison between fire sondes ascending paths during each of the pyro-
convection types is presented in Figure 9. The updraft vertical speed (m-s~') is
color-coded to evaluate a theoretical parcel travel time in Figure 9a. Figure 9b
shows the RH (%) to differentiate between dry and moist convection. Levels
of LCL and ABL predicted by ERAS5 and observed fireLCL and fireABL by
fire sonde are also shown, characterizing the deepening stage of the plume.

First, our results highlight that observed fire-induced deepening leads to
much higher entrainment than average convective boundary layer conditions,
which are assumed to deepen above mixing layer height at 20% of the ABL
depth (Stull, 1988).

Second, we observe that deeper plumes occur when the fireLCL/fireABL
height ratio is close to 1 (Figure 9), further supporting the results of the pyro-
convective prototypes shown in Figure 7. Interestingly, plume deepening and
updraft vertical speed increased with the deepening of moist convection. This
observation suggests that dry convective plumes without pyroCu harness
their overshooting strength from fire intensity-induced buoyancy, but moist
convection types harness additional buoyancy from processes such as latent
heat release during pyroCu formation.

When comparing the rising profiles in Figure 9b, we can observe that
those with height ratio LCL/ABL > 1 show low RH below 80% near the
top of ABL in contrast with higher RH above 90% when height ratio LCL/
ABL < 1. Consequently, the plume-reinforced entrainment of dry or moist
air from above fireABL into the fire mixed layer is key to whether a dry or
moist convection regime may occur. We can see that sondes T21, SCQ32,
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Figure 9. Rising profiles from fire sondes (Table 1) for pyroconvection prototypes (Figure 7). lifting condensation level and atmospheric boundary layer height (dashed
is ERAS and solid is fire-sonde) are also indicated. (a) Radiosonde updraft vertical speeds for pyroconvective measured events. The average travel time is included

on top of every case. In addition, the horizontal wind speed and direction (wind flags) are included. Considering an average ascension balloon speed of 1.5 m-s~, a
descending bit is signaled by green and blue colors. (b) The same rising profile trajectory but showing relative humidity (RH).

and SCQ41 indicate a dry convection regime with RH < 90% on top of the plume, and moist convection types are
represented by M11 and SCQ51 with RH > 90% in their pyrocloud layer.

Additionally, the identified convective regimes driven by entrainment were also associated with regions of
descending air near the top of every pyroconvective plume or pyrocloud. This finding, originally observed in
Figure 8, is also observed in all in-fire sondes of Figure 9 and is likely adding to an already increased entrainment.
Descent regions were defined herein as rising speeds below the average ascent speed of the sonde (1.5 m-'s~!). We
can observe significant differences in duration and intensity between dry (Figures 9a-9c¢) and moist (Figures 9d
and 9e) convection cases. SCQ31 was an ideal case for observing this behavior during a dry convective regime
where the sonde descended for 3 min after the plume had flattened. On the contrary, the moist convection case
represented by M11 showed a downdraft duration of nearly 10 min.

3.4.3. Fire-Atmosphere Interaction Induced Changes in the FireABL

Now we evaluate the type of changes in the initial ABL thermodynamics that the enhanced entrainment by pyro-
convection prototypes creates.

To assess those changes, in Figure 10, we compared the in-fire sondes with ERAS vertical profiles for each pyro-
convection prototype defined in Figure 7. We include 6, ¢, LCL, and ABL heights from ERAS5 for the time of the
sonde and +1 hr to analyze differences between the ABL and the fireABL dynamics. We left the “surface plume”
type out of the analysis as it does not modify ABL thermodynamics.
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Figure 10. Fire sonde and ERAS profiles for every prototype as in Figure 7. Comparison of ERAS 6 (red) and q (green) profiles with black lines representing the sonde
data. Levels are represented by horizontal lines, being atmospheric boundary layer the violet line, and lifting condensation level the green line. The solid lines represent
sonde levels. The dashed lines are the model ERAS levels. (a) Convective plume (sonde T21), (b) Overshooting pyroCu (sonde SCQ41), (¢) Resilient pyroCu (sonde
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Suffix “s” means sonde profile data.
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Regarding the “convective plume” type without pyroCu formation, we analyze the T21 fire sonde (Figure 10a)
profile launched at the Torroella fire on July 22. With a 6-gradient of 4.7 - 103 K-m~! it had a stable profile with
a LCL 1,400 m higher than ABL. However, we can observe how the fire plume deepens up to 900 m (Figure 9a
T21), which seems to cause an unstable mixing layer showing a new -gradient of 1.9 - 1073 K-m~!. Also, this
entrainment of dry air around 30% RH resulted in a drier, hotter mixed layer that, in turn, increased fireLCL
height (Figure 10a).

The Santa Coloma Queralt sonde SCQ41 launched on 25 July (Figure 10b) captured the “overshooting pyroCu”
type. Although the ABL was unstable with a §-gradient of less than 1 - 1073 K-m~!, the LCL was 500 m above
ABL. Plume overshooting was entraining dry air and could only rise above fireLCL for a short period. As in the
previous case, the fire-induced changes increase fireLCL and € when compared to the environment.

Martorell fire sonde M11 on 13 July (Figure 10c) represents the “resilient pyroCu” prototype. It had an unstable
ABL of 2.7 - 1073 K-m™! that fire changed to 1.4 - 10~ K-m~". In this example, the changes are reversed, having
an LCL below ABL in an unstable #-gradient, with a 500 m deep pyroCu formed permanently over the plume.
As a result, plume overshooting deepening above ABL formed a moist convection regime that increased specific
humidity by 2 g-kg~!. New fireLCL height was decreased by 800 m, enabling deepened pyroCu formation.

The Santa Coloma Queralt sonde SCQS51 on 25 July (Figure 10d) represents the “deep pyroCu/Cb” prototype. It
showed the same unstable ABL modification to neutral stability seen in previous sonde M11 fireABL. However,
this case observed similar LCL and ABL heights favored enhanced deepening above ABL, which in this case
achieved 8,000 m.a.s.1. Fire-induced changes due to deep pyroCu formation produced an enhanced moist convec-
tion regime that reduced fireABL (1,000 m) and fireLCL (1,800 m) height and increased ¢ in 6 g-kg™".

Fire-induced changes in 8 and ¢ profiles and fireLCL and fireABL height were observed in all profiles in Figure 10.
Specific humidity values were higher than environment values in the moist convection types. Being 2 to 6 g-kg™!,
they were well above the value proposed by Luderer et al. (2009), (0.2 g'kg™") but more in line with Potter (2005),
(2 g'kg™"). Luderer's case seems to correspond to our dry convection type. Temperature values of & show the differ-
ences the other way around. Dry convection increases 6 by 2-3 K, according to what is proposed by Potter (2005),
but moist convection stays close to the values proposed by Luderer et al. (2009). Changes in ABL and LCL height
are also observed to differ between moist and dry convection. Our results show an increase of 8 and fireLCL height
in dry convection regimes, as shown in Figures 10a and 10b, in contrast to an increase of g and a decrease of fireLCL
height in moist convection regimes, as in Figures 10c and 10d. The differences in the values proposed in the literature
to compute fireCAPE and the real ones measured by in-plume fire sondes highlight the need for in situ measures.

3.5. Fire Spread Changes Correlation With Modified FireABL Thermodynamics After Fire-Atmosphere
Interaction

For each described prototype (Figure 7), we explore how modified fireABL after fire-atmosphere interaction
affected the fire spread pattern.

In Figure 11, we show the different effects of the fire-atmosphere interaction over the fire spread pattern when we
correlate observed hourly ROS (km-h™!) to the hourly burnt area (ha-h~'). Our result indicates that moist pyro-
convection expands the burnt area without increasing the ROS proportionally. In contrast, dry convection events
show a sharp increase in the ROS, not followed by an increase in the burnt area. Santa Coloma de Queralt PyroCb
data provided evidence of a moist convection effect when the surface burn ratio increased from 90 to 295 ha-h~!.
However, they maintained ROS between 1.2 and 1.8 km-h~!. The Santa Coloma de Queralt oPyroCu data show a
representative case of dry convection effect with an average 100 ha-h~! burnt area ratio that correlates with a ROS
increase from 2 to 6 km-h~!. It is important to stress that all fires were evolving in complex terrain, but the pattern
shown in Figure 11 is consistent in all fires despite the differences in topography and fuel type. Furthermore, our
study's major runs in moist pyroCu occurred downhill (M11 and SCQ51), suggesting that pyroconvection is not
caused by slope-induced acceleration (see Text S3 and Figure S2 in Supporting Information S1).

Despite the importance literature gives to firecCAPE as a metric to assess pyroCu effects, it is known to be a diffi-
cult variable to estimate (Tory & Kepert, 2020). To compute it, we have made two assumptions. First, we need to
complete the fire sonde profile in the upper part until the EL (equilibrium level) using ERAS profile data. Second,
in the absence of in-plume sonde data, we need to estimate the surface fire-induced conditions on 6.
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Figure 11. Correlation between surface burnt area (ha-h~!) and the observed rate of spread (ROS, km-h~!) for every hour

of pyroconvective event. Data points on the correlation are colored by fire, shape is assigned for pyroconvective type. The
correlation shows two divergent trends: (1) continuous line shows an increase in ROS without significant change on the burnt
area (narrow and elongated fire perimeter). It represents the spread type by convective plumes under a dry convection regime.
(2), the dotted line follows a trend of increasing burnt area without significant change in ROS. This second type is dominated
by moist pyroconvection and the different pyroCu types.

To overcome these limitations, in Figure 12, we correlated normalized ROS (Figure 6f) with fireCAPE and
updraft vertical speed variable as in Figure 9a. Estimated fireCAPE shows a satisfactory correlation (2 = 0.68).
However, we find a more accurate correlation (r> = 0.905) between the updraft vertical speed and ROS ratio. The
correlation between updraft vertical speed and ROS ratio unifies moist and dry convection and confirms moist
convection as the pyroconvection type creating the most dramatic change in fire spread.

Our result suggests a clear metric to translate pyroconvection effects into fire behavior changes to be expected.
Indeed, the updraft vertical speed is a variable that can be directly measured in situ in fire incidents to assess fire
spread changes to be expected during pyroconvection events.

4. Discussion

Our fire monitoring campaign identified a direct relationship between fire FLI and ROS biases and different types
of pyroconvection. Furthermore, the observations suggest that the fire-atmosphere interaction causes a complex
dynamic cycle composed of four main stages, further discussed and integrated into this section:

Updraft vertical speed (m-s™1)
6

0 2 4 8 10 12 14
Pyroconvection type
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m oPyroCu
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9 10 A speed (m-s-1)
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Figure 12. Quantitative correlation between fireCAPE (orange) and updraft vertical speed (blue) with rate of spread
(ROS) bias. The data has been classified with the proposed prototypes of pyroconvection. FireCAPE has been obtained by
computing the CAPE over the profile measured by the sonde and complemented using ERAS profile data with the surface
value measured by the sondes.
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1. The ABL thermodynamics interact with fire intensity, conditioning plume overshooting.

2. Plume overshooting and pyrocloud formation increase entrainment from the pyroCu layer into the sub-pyroCu
layer, inducing moist or dry convection regimes in the ABL.

3. Induced convection regime changes original ABL thermodynamic conditions.

4. New fireABL thermodynamic conditions induce changes in fire behavior.

4.1. Preconditions of ABL Thermodynamics to Favor pyroCu Formations

We have investigated the plume-driven fire type in detail, identifying four prototypes; three of them are variations
of the pyroCu types. The classification was obtained by combining visual plume observations, #-gradient in the
mixing layer, and the relative plume height with respect to ABL and the LCL height. The #-gradient in the ABL, as a
measure of thermodynamic stability, and wind shear are the variables that separate wind-driven from pyroCu-driven
fires (Finney et al., 2021) and condition the capacity of the plume to penetrate ABL through buoyancy consumption
(Potter, 2002). We have observed that this penetration height was controlled by the ABL stability (f-gradient), but
also the respective locations of the LCL, ABL and shear height proximity (Figure 9). Under no-fire ABL conditions,
this finding agrees with the Pino et al. (2003) study regarding ABL-induced growth by shear location close to ABL
height. Recently, Artés et al. (2022) supported the concept of turbulence importance near ABL top. They identified
that ABL and LCL closeness in the vertical profile, before the fire, is a variable that is as critical as the surface Fire
Weather Index (FWI) values (Van Wagner & Forest, 1987), to explain extreme fire behavior events.

4.2. Increased Entrainment of Free-Tropospheric Air Into the ABL

The resulting plume drives the enhanced entrainment above the ABL. The upper-air measurements (Figure 8)
provide evidence that during pyroconvection events overshooting pulses are causing the penetration and deepen-
ing stages. The depth of the plume deepening above ABL will determine the intensity and dryness of entrainment.
Our observations show higher deepening into the cloud layer with pyroCu formation compared with convective
plumes (Figure 9), most likely driven by the effect of latent heat release when pyroCu is formed. This hypothesis
is supported by the study by Kuang and Bretherton (2006), who suggest that in cumulus, elevated updrafts are fed
by higher entrainment above the cloud base, driven by turbulence around pyroCu condensation.

When comparing the observed fire-atmosphere interaction (Figure 10) with previous studies on clear ABL condi-
tions, the entrainment-induced changes of dry air inside ABL resemble those proposed by van Heerwaarden
et al. (2009) to describe land-atmosphere interaction feedbacks. In this context, our convective plumes and over-
shooting pyroCu type can be connected to entrainment heating and drying feedback. The overshooting above
ABL reinforces dry air entrainment, leading to the fireABL height increase. As a result, it creates well-mixed,
warmer, and drier vertical profiles. The drier and hotter fireABL was observed in our fire sondes (Figure 10), in
agreement with the detailed plume analysis in burn experiments by Arreola Amaya and Clements (2020). In addi-
tion, this drying of fireABL increases fireLCL, agreeing with visual, sounding, and radar-Doppler observations
by Lareau and Clements (2016, 2017).

A novel result highlighting the effect of plume overshooting-induced changes in entrainment is the cooling
regions with a downward motion observed above every pyroconvective plume (Figure 9). These cooling regions
were significantly more profound and broader on moist convection plumes, coinciding with the evaporative shell
described in shallow cumulus observations (Heus & Jonker, 2008; Rodts et al., 2003). In our analysis, cooling
regions appeared as a new distinctive variable explaining enhanced entrainment and creating moistening feedback
for fireABL, complementing those feedbacks from van Heerwaarden et al. (2009). In addition, the increased g
after cooling cell, lowered the fireLCL while creating deeper pyroCu.

4.3. New Pyroconvective ABL Conditions

The sondes readings (Figure 10) suggest that changes inside fireABL, modifying the thermodynamic state of the
well-mixed layer, are driven by enforced entrainment of dry or moist air from the pyrocloud layer.

Supporting the entrainment importance is that fireABL, instead of showing increased instability from fire heat-
ing at the surface, shows a mixed layer modification to an almost stable value around 1.1073 K-m~! in all cases.
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This is evidenced in SCQ51, where unstable conditions dynamically lead to a reduction of #-gradient instability,
whereas stable conditions, as in T21, yield an increase.

Patterns shown in Figure 10 provide evidence of an increase in € or g on fire mixing layer profiles depending
on induced dry or moist convection. The LCL versus ABL height relative position define the resulting convec-
tion regime (Figures 9 and 10). Our observations indicate that when plume-entrainment stays below the LCL,
dry convection dominates, causing an increase in 6 and creating convective plumes or overshooting pyroCu.
However, if plume entrainment penetrates above the LCL, resilient or deep pyroCu will form moist entrainment,
increasing g.

It is important to note that dry and moist convection yield changes in fireLCL and fireABL heights. The magni-
tude of these changes, in particular for the variation of fireLCL, depends on the relative position between LCL
and ABL height, quantified by the LCL/ABL height ratio. Our results extend with new observational evidence
to the controversy of whether humidity for moist convection is favored by humidity released by burning vege-
tation (Potter, 2005) or by the amount of humidity in the environment (Lareau & Clements, 2016; Luderer
et al., 2006, 2009). Our observational analysis supports the key role of the humidity present in the environment
in determining the fireLCL height position. According to our analysis, dry convection-type situations, where
LCL/ABL height ratio >1, will increase fireLCL height. However, under moist convection types characterized by
LCL/ABL height ratio < 1, fireLCL will decrease. Recently, Eghdami et al. (2021) confirmed the importance of
environmental humidity as the source of increased plume humidity. The study was conducted based on sensitivity
analysis with WRF-FIRE experiments (Coen et al., 2013) reproducing the Santa Coloma de Queralt fire, using
our SCQ51 radiosonde data to adjust the model.

4.4. Pyroconvective FireABL Correlation With Fire Spread

The final stage of the fire-atmosphere interaction cycle controls how the changes in fireABL affect fire behavior
and change fire spread patterns. Published works relate pyroCu/Cb with changes in fire intensity due to increased
slope or fuel load (McRae et al., 2015). The analysis of slope change in the spreading axis of our fires (see Figure
S3 in Supporting Information S1) shows that topography change has no correlation with the sudden increase in
fire behavior, pointing at the pyroconvection importance in fire spread bias.

The fire spread biases coincided with extreme fire intensities, showing pyroconvection phenomena. These biases
are quantified as a ratio between observed and modeled fire behavior, averaging a value of 3 (Rothermel, 1991).
Our results (Figure 6f) agree with that proposed ratio value, showing an average of 3.3. However, when we
observe deep pyroCu/Cb (0.7% observed fire hours), values range from 4 to 34. Although deep pyroCu/Cb is
less frequent, it results in more intense pyroconvective events and more extreme fire behavior, coinciding with
previous studies (Fromm et al., 2012; Potter & Hernandez, 2017).

Changes in fireABL also influenced fire perimeter shape. Figure 11 shows that dry and moist convection affected
fire perimeter shape differently. This can be explained by the observed cooling region size, duration, and position
above the plume. If entrainment happens under the influence of small cooling cells in dry convection regimes,
the resulting surface @-gradient created on the surface layer will increase wind speed in that head fire area,
resembling a low-level jet (LLJ). Such an effect can cause an elongated fire perimeter, as reproduced by Clark
et al. (1996) in their pioneering fire-atmosphere coupled model. In contrast, the larger size and longer duration
cooling region increase g on a broader area in moist convection regimes. The consequent shrinking of LCL height
deepens convection and increases the indraft on the surface layer. This process increases fireline intensity in all
parts of the fire and creates a more rounded perimeter, an effect consistent with the analysis of fire behavior
changes by plume-induced entrainment, as discussed in McAllister (2021).

An important finding of our research has been the confirmation of a correlation between fire behavior change
and plume updraft dynamics proposed by Potter (2012). The quantitative correlation between plume updraft
vertical velocity with ROS ratio (Figure 12) provides a first quantitative relationship between pyroconvection
and fire behavior change. In contrast to the difficulties of accurately estimating fireCAPE (Luderer et al., 2006;
Potter, 2005; Tory & Kepert, 2020) the data needed to calculate updraft vertical speed can be easily obtained using
inside-plume soundings, profilers, or Doppler readings (Clements et al., 2018). Our results confirm that moist
convection events are likely to have a more significant impact on fire spread. Moist convection creates higher

CASTELLNOU ET AL.

21 of 26



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036920

updraft vertical velocity when using added latent heat release after forming a pyroCu. In contrast, dry convection
plume updraft depends exclusively on fire-induced overshooting. Such updraft reinforcement coincides with
the sudden increase in extreme fire behavior, observed at SCQ51 sonde, when observed versus modeled ROS
changed from 3 to 34. Published reports about the 2017 Portuguese firestorms (Guerreiro et al., 2017, 2018)
described a similar effect when the plume went from pyroCu to pyroCb after a nearby thunderstorm system
forced LCL and shear height close to ABL height.

4.5. Outlook

Our research adds new understanding to the current explanation of how pyroCu affects fire spread. Traditionally,
the focus has been set on instability and shear as atmospheric conditions and indrafts and downdraft processes
as the final effect of pyroconvection on fire spread (Finney et al., 2021). The observational analysis comple-
ments the assumption by Clark et al. (1996) and Charney and Potter (2017) that direct surface heating and drying
by the fire front are the main drivers enhancing the buoyancy of fire plume. Our findings reinforce the importance
of turbulence closeness at ABL height and propose the increased entrainment induced by plume overshooting
as an essential process to create different convection regimes and separate pyroconvection prototypes and their
effects on fire behavior.

This study offers an improvement to the available tools and a clear understanding of the physics involved in the
pyroconvection types that influence changes in fire spread. In addition, the data collected here can form the basis
for large-eddy simulations (LESs) to confirm the validity of our observational analysis and validate our proposed
classification.

5. Conclusions

We investigated fire-spread biases under fire-atmosphere interaction and the resulting pyroconvective events. To
this end, in the summer of 2021, we deployed a suite of in-plume radiosoundings during seven extreme wild-
fires and simultaneously in the surrounding environment. These thermodynamic observations complemented
the ERAS model vertical profile. We related these upper atmospheric measurements to direct observations and
model calculations of fire spread characteristics to obtain a comprehensive data set and relationships of the
fire-atmosphere interaction.

By analyzing the vertical profiles of temperature, humidity, wind, and ABL and LCL heights within the fire
plume and comparing this to the environment, we established a new classification of pyroconvection, including
convective plumes and overshooting pyroCu as dry convection types and resilient pyroCu, and deep pyroCu/Cb
as moist convection types. The main characteristic of the dry convection regime was the increase of the potential
temperature () profile within the mixing layer. Under this regime, we observed an enhancement of 2 K compared
to the same wildfire environment observed Santa Coloma de Queralt on July 24. Alternatively, observations
made at the Martorell fire on July 13, which belongs to the moist regime, increased specific humidity by 3 g-kg™!
compared to the environment.

We have found that plume overshooting enhanced entrainment (in form of downdraft) from the pyrocloud layer
into the sub-cloud layer will induce dry or moist convection. This entrainment process, caused by plume penetra-
tion or deepening, depends on fire intensity, ABL stability, free troposphere lapse rate, and closeness of LCL and
shear to ABL height. Two examples enable us the distinct behavior between dry and moist regime. The Torroella
fire on July 22 provided an example of dry convection. There, the plume is able to penetrate the stable dry ABL
by 900 m but could not reach LCL. As such, the resulting entrainment of dry and warm air warms up the mixing
layer. The Martorell fire provided an example of moist convection on 13 July, where plume fully penetrated an
unstable mixing layer. This leads to create a pyroCu deepening 400 m above LCL and induce a moist convection
regime. Our research also identifies a new entrainment enhancement process in the form of a cooling region on
top of every plume that changes entrainment intensity and duration (Figure 9). We also identified that the dry
convection regime creates small cooling regions. Characterized by descending motions of the sounding that
lasts 2-5 min (tens of meters), while the moist convection regime descending sonde motions lasted 10-30 min
(hundreds of meters).
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In the seven cases under analysis, and despite the differences concerning the topography and fuel types, we
have found similar patterns in the dynamics of the sub-pyrocloud layer. The moist convection types created
greater changes in the ROS, also speeding up the fires downhill. In contrast, the more intense runs uphill only
created a convective plume or overshooting pyroCu. Therefore, without clearer evidence, we can conclude that
terrain-induced accelerations are not a dominant process in forcing pyroCu/Cb formation. On the contrary, our
observations suggest that the fire spread changes resulted from the fire-atmosphere interaction induced changes
on the ABL. In short, the resulting sub-pyrocloud layer from dry and moist convection regimes consistently
created fire spread changes independently of fuel and topography.

We have found an increase that ranges from 2 to 6 in the fire spread ratio between observed and modeled in dry
convection types and between 3 and 34 in moist convection types, respectively. The enhancement of the surface
fire spread showed a quantitative correlation with the plume updraft vertical speed (r> = 0.905) when including
all observed cases of moist and dry convection regimes. However, differences appeared in the patterns of fire
growth. Dry convection created a narrow and elongated spread pattern, while moist convection created a fire
spread pattern that yielded head and flank fire fronts.

This analysis shows the strong value of using in-fire-plume soundings to advance understanding of the coupling
between upper air atmosphere and fire spread. In-fire sondes can complement measures done with radar-Doppler.
The comprehensive observational set, the pyroconvection classification, and this first quantitative correlation are
important steps to improve models that coupled surface fire to atmospheric thermodynamics, analysis reliability,
and safety during extreme fires. This methodology and valuable collaboration between science and fire manage-
ment practice facilitate firefighters' shared observation of the phenomenon on the ground, increasing their safety
through building awareness and understanding of the quantifiable extreme changes underway.

Data Availability Statement
All data used in this work is published at https://doi.org/10.5281/zenodo.6433389 (Castellnou et al., 2022).
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