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Abstract. Wildfire emissions are a major environmental concern, especially as climate change increases the frequency of

extreme events. Our study investigates the limitations of the
::::
uses

::::::::::
ICON-ART

:::::::
coupled

::::
with

:::
the widely used Freitas plume-rise

model
::
to

:::::::
simulate

::::
how

:::::::::
accounting

:::
for

::::::::::
fire-induced

::::::::::
atmospheric

:::::::
changes

::
in

::::::::::
ICON-ART

::::::
affects

:::::
plume

:::
rise

:
during the Australian

New Year’s wildfires of 2019/2020, focusing on how accounting for fire-atmosphere feedbacks in the host model affects plume

rise.
::::
2020.

:
5

Simulations were conducted at a 6.6 km grid resolution, where convection is parameterized but fire-induced meteorological

effects remain significant. Including fire-induced moisture release led
:
in
::::::::::

ICON-ART
:::::

leads
:
to increased cloud formation, but

had minimal impact on plume dynamics. In contrast, accounting for fire-induced heat release significantly increased the plume

height due to enhanced buoyancy and cloud formation, even without added moisture.

Simulating aerosol–radiation interactions initially reduced injection height, as solar absorption by dense aerosols stabilized the10

atmosphere. However, a lofting effect emerged from the second day onward. The combined simulation—incorporating heat

and moisture release and aerosol-radiation interaction —
:
in

:::::::::::
ICON-ART, produced the highest plume rise and best matched

satellite observations, including the aerosol layer in the upper troposphere/lower stratosphere. The effects were strongest on

the first day, when fire intensity peaked. For less intense fires, the Freitas plume-rise model performed well without additional

feedback mechanisms
:::::::::::::
implementations

::
in

:::
the

::::
host

:::::
model.15

1 Introduction

Wildfires are major sources of aerosols (black carbon (BC) and organic carbon (OC)) and trace gases (mainly CO, CO2,

and CH4), which influence atmospheric composition and climate processes (Galanter et al., 2010). These emissions can be

transported over long distances, depending on fire intensity and meteorological conditions, affecting atmospheric chemistry,

cloud formation, and radiative forcing on regional to global scales (Val Martin et al., 2006).20

The vertical distribution of wildfire emissions, commonly referred to as plume height, is a key factor in determining their

atmospheric impact. Plume rise is governed by fire intensity, heat flux, and atmospheric stability (Val Martin et al., 2012).
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While most emissions remain within the planetary boundary layer (PBL), a significant fraction (4–20% over North America)

reaches the free troposphere, enabling long-range transport and interaction with cloud systems (Kahn et al., 2007; Val Martin

et al., 2010).
:::::
These

::::::::
estimates

:::
are

:::::
based

::
on

::::::
MISR

::::::::::
observations

::::::
during

::::::::::
late-morning

::
to
:::::::::::::
early-afternoon

::::::::::
overpasses,

:::::
when

::::::
plumes25

::
are

::::::::
typically

:::
less

:::::::::
developed

:::
and

:::
the

:::::
PBL

::::::::
shallower,

::
a

:::::
timing

::::
that

::::::
should

::
be

:::::::::
considered

::
in

::::::::::::
interpretation.

:

Extreme wildfires can generate pyroconvective clouds, including pyrocumulus (pyroCu) and pyrocumulonimbus (pyroCb),

which play a crucial role in determining plume height. These cloud types can inject smoke into the upper troposphere and lower

stratosphere (UTLS), where aerosols may persist for weeks to months, thereby influencing the global radiation budget (Fromm

et al., 2022). This underscores the necessity of accurately modeling plume rise including the triggering of pyro-convective30

clouds, as it is essential for assessing the global climate impacts of wildfires.

Various techniques have been developed over the years to parameterize the injection height of wildfire emissions within

atmospheric and chemical transport models. One simple approach is the use of a fixed emission height, as demonstrated by

Colarco et al. (2004); Dirksen et al. (2009) and Lamarque et al. (2003). Dirksen et al. (2009) evaluated three fixed emission

heights for intense forest fires in southeastern Australia (December 2006) and found that ground-level and 5 km emissions35

underestimated plume heights compared to CALIPSO observations, while emissions near 10 km aligned best with the satellite

data.

Another approach involves prescribing an emission profile. Lavoué et al. (2000); Pfister et al. (2006) and Wang et al. (2006)

used a uniform profile throughout the troposphere, while other studies, such as Generoso et al. (2007); Hyer et al. (2007) and

Leung et al. (2007), emitted a pre-selected fraction of aerosol mass above the boundary layer. However, these assumptions often40

neglect the impacts of sensible and latent heat release by the fire and cloud microphysical processes and therefore emission

profiles must be adapted for each case, as every fire exhibits unique characteristics.

Additionally, there are empirical models that parameterize the sub-grid processes of the fire-atmosphere interaction and

return an emission height (Briggs, 1975; Lavoué et al., 2000; Sofiev et al., 2012). These approaches are computationally

efficient and suitable for large-scale applications or operational forecasting, where detailed fire–atmosphere coupling is not45

feasible. However, they rely on simplified assumptions and static input parameters, which limit their accuracy under dynamic

fire conditions.
::
A

::::::
further

::::::::
limitation,

::::::::::
particularly

:::
for

:::
the

::::::::
empirical

:::::
Sofiev

:::::::
scheme,

::
is

::
its

:::::::
reliance

:::
on

::::::::::
MISR-based

:::::::
training,

::::::
which

:::::
results

::
in

::::
poor

:::::::::::
performance

:::
for

:::::::
extreme

:::::::::
plume-rise

::::::
events,

:::::
which

::::::::
dominate

::::::
smoke

:::::::
injection

::::
into

:::
the

::::
free

::::::::::
troposphere.

:

For instance, the widely used Briggs parameterization was originally developed for industrial stack plumes and has been

adapted for wildfire applications. While it provides a fast and practical method for estimating plume rise, it exhibits several50

key limitations. As noted by Raffuse et al. (2012), the model depends on static diurnal profiles of atmospheric stability and

wind speed, which may not reflect rapidly evolving meteorological conditions during fire events. It also lacks representation of

latent heat release and complex plume–atmosphere interactions. This can lead to an overestimation of plume heights, (Raffuse

et al., 2012), particularly when compared to satellite observations.

A more advanced approach is the physical parameterization of the injection height, as developed by Freitas et al. (2006). The55

Freitas model is one of the most widely used plume-rise models embedded in numerical weather prediction (NWP) and global

transport models. Val Martin et al. (2012) evaluated the Freitas plume-rise model using various estimates of active fire area and
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sensible heat flux, finding that the model often underestimated the dynamic range of plume heights and failed to consistently

identify injections into the free troposphere. Several factors contribute to these limitations. First, the model is sensitive to

uncertainties in input parameters, which is difficult to constrain due to the heterogeneous nature of fire behavior. Second, the60

assumption that the sensible heat flux constitutes 55% of the total heat flux may not hold universally, especially given the

uncertainties in fire radiative power (FRP) retrievals from satellite observations such as MODIS. Third, the model relies on

coarse-resolution meteorological data, which can misrepresent key atmospheric variables like stability and boundary layer

height. Finally, limitations in the entrainment parameterization may lead to poor agreement with observed injection heights.

In addition to these performance issues, physically based models are computationally expensive.65

To address these challenges, recent studies have explored machine learning (ML) as a promising alternative. For instance,

Wang (2024) developed an ML-based plume rise emulator that demonstrated improved accuracy and significantly reduced

computational cost compared to the Freitas model. Building on this, Lu et al. (2024) integrated an interactive fire plume-rise

scheme into the Energy Exascale Earth System Model (E3SM), highlighting the potential of dynamic, data-driven modeling to

enhance assessments of aerosol radiative effects.70

Despite recent advances, ML approaches face significant limitations in contributing to the physical understanding of plume

dynamics. While they may enhance predictive performance, they often lack interpretability and fail to capture the underlying

physical processes driving plume behavior. One process that drives plume behavior is the diurnal variability of fire activity,

which plays a critical role in determining plume rise characteristics (Walter et al., 2016). For instance, Ke et al. (2021) demon-

strated that emissions during peak burning hours are more likely to be injected above the PBL. This finding is further supported75

by Li et al. (2023), who showed that accurate representation of plume-rise dynamics is essential for predicting surface-level

PM2.5 concentrations during extreme wildfire events.

Convection-resolving simulations have emphasized the dominant role of meteorological conditions in driving pyro-convection

(Luderer et al., 2006). Importantly, fires themselves can modify local atmospheric conditions, creating feedbacks that are typ-

ically neglected in current plume-rise models. While this simplification may be justified at coarse spatial resolutions (30–10080

km) (Freitas et al., 2007), it limits the accuracy of high-resolution simulations.

Beyond the initial injection height,
::::::::
Modeling

:
aerosol radiative effects —particularly from absorbing aerosols, such as

black carbon, can substantially influence plume evolution. Through the absorption of solar radiation, these aerosols heat the

surrounding air, increasing buoyancy and promoting further vertical transport in a process known as aerosol-induced lofting

(Muser et al., 2020). This mechanism can significantly modify the vertical distribution of smoke, extending its atmospheric85

residence time and enhancing long-range transport. As a result, aerosols lofted to higher altitudes can exert more persistent and

widespread impacts on atmospheric composition and radiative forcing (Ohneiser et al., 2023).

Ohneiser et al. (2023) found that the lofting of wildfire smoke into the troposphere and stratosphere is highly sensitive to

factors such as aerosol optical thickness (AOT) and meteorological parameters. Their simulations, validated against space lidar

observations, highlighted significant lofting processes during pyroconvection events in Canada and Australia. Ma et al. (2024)90

showed that aerosol transport to the middle stratosphere during Australian New Year’s event (ANY) occurred in three phases:

pyro-convection up to 16 km and self-lofting due to radiative effects up to 25 km. The final ascent to around 35 km was driven
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by a stratospheric circulation vortex caused by aerosol absorption. Further, Heinold et al. (2022) examined the emissions from

the Australian wildfires and highlighted that global models describing aerosol-climate impacts lack adequate descriptions of

the emission height of aerosols from intense wildfires. Using a combination of aerosol-climate modeling and lidar observations,95

they demonstrate the importance of accurately representing these high-altitude fire smoke layers for estimating the atmospheric

energy budget. The impacts of the direct and indirect aerosol effect are shown by Savenets et al. (2024), who outlines that

simulations of direct, indirect, and combined aerosol effects led to colder and drier surface conditions. Changes in cloudiness,

precipitation, and wind speed were observed. Larger uncertainties were noted in coarser models. Quantifying aerosol effects

is crucial for predicting and mitigating adverse weather conditions and wildfires, thereby improving emergency response100

measures.

The simulation of aerosol radiative effects critically depends on the assumed optical properties of the particles. These

properties, such as
::::::
requires

:::
an

:::::::
accurate

::::::::::::
representation

:::
of

::::::
particle

::::::
optical

:::::::::
properties

:::::::::
(extinction

::::::::::
coefficient, single scattering

albedo (SSA), extinction coefficient, and asymmetry parameter, are not constant but vary with several key factors. Most

notably, they
:::
and

::::::::::
asymmetry

::::::
factor)

::::::
which

::::::
control

::::::::::
absorption,

:::::::::
scattering,

::::
and

::::
their

:::::::::
feedbacks

:::
on

::::::::::
atmosphere

::::
and

::::::
plume105

::::::::
dynamics.

::::::
These

::::::::
properties

:
depend on particle size, which influences the scattering and absorption efficiency relative to the

wavelength of incoming radiation (Chen et al., 2006). Morphology also plays a significant role, particularly for non-spherical

or fractal-like structures such as fresh soot aggregates, which alter the angular distribution of scattered light (Pang et al., 2023)

. Additionally, the chemical compositiondetermines the complex refractive index, which governs the intrinsic absorptive

and scattering behavior of the particles (Bond and Bergstrom, 2006) . The mixing state
::::::::::
morphology,

::::::::
chemical

::::::::::
composition,110

whether particles are internally or externally mixed, further modifies their effective optical properties, especially in the presence

of absorbing cores and non-absorbing coatings (Bond et al., 2006). Finally, hygroscopic growth under varying humidity conditions

dynamically alters both particle size and refractive index (Petzold et al., 2005). Simplified assumptions
:::
and

::::::
mixing

::::
state

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Chen et al., 2006; Pang et al., 2023; Bond and Bergstrom, 2006; Bond et al., 2006; Petzold et al., 2005)

:
,
::::::
thereby

:::::::::
governing

:::::::::::::::
aerosol–radiation

::::::::::
interactions

::::
that

::::::::
influence

:::::::
heating

:::::
rates,

:::::::::
buoyancy,

::::
and

::::::
plume

::::::::
evolution,

:::::::::
including

:::::::::::::
aerosol-induced

:::::
lofting

:::::::::::::::::
(Muser et al., 2020).

::::::::
Common

::::::::::::
simplifications, such as treating aerosols as spherical, internally

:::::::
assuming115

::::::::
spherical,

::::::::
externally

:
mixed particles with fixed optical properties, may therefore introduce substantial uncertainties in the

estimation of aerosol radiative forcing and its feedback on plume development. As shown by Brown et al. (2021)
:::::
smoke

::::::::
transport.

:::
For

:::::::
example, biomass burning aerosols in most

::::
many

:
climate models are too absorbing, leading to an overestimation

of their warming effect .
::::::::::::::::
(Brown et al., 2021)

:
.
:::::::::
Improving

:::::
model

::::::
fidelity

:::::::
requires

::::::::
dynamic

::::::::
treatment

::
of

:::::::
particle

::::::::
properties

::::
and

:::::::
coupling

:::::
with

:::::::::::::
meteorological

::::::::
conditions

::
to
:::::::
capture

::::::
vertical

::::::::
transport

:::
and

:::::::::
long-range

:::::::
impacts

:::::::::
accurately.

:
120

:::
The

::::::
lofting

:::
of

:::
the

::::::
plume

::::::
during

:::
the

:::::::::
Australian

:::::
New

:::::
Year’s

:::::
event

:::::::
(ANY)

::::::::
illustrates

::::
the

:::::::::
importance

:::
of

:::::
these

:::::::::
processes.

:::::::::::::
Ma et al. (2024)

::::::
showed

::::
that

::::::
smoke

::::
rose

::
in

::::
three

:::::::
distinct

::::::
phases:

:::::
initial

::::::::::::::
pyro-convection

::
up

:::
to

::
16

::::
km,

:::::::
radiative

::::::::::
self-lofting

::
to

:::::
25 km

::::::
driven

::
by

::::::
aerosol

::::::::::
absorption,

:::
and

:
a
::::
final

::::::
ascent

::
to

::
35

:::
km

:::::::::
facilitated

::
by

::
a
::::::::::
stratospheric

::::::::::
circulation

::::::
vortex.

:::::
These

:::::::
findings

:::::::
highlight

::::
how

::::::::
radiative

:::::
effects

::::
can

:::::::
dominate

:::::::
vertical

::::::::
transport

:::
well

:::::::
beyond

:::
the

:::::
initial

:::::::
injection

::::::
height,

::::::::::
reinforcing

:::
the

::::
need

:::
for

::::::
models

::
to

:::::::::
incorporate

:::::
such

:::::::::
feedbacks.125

This study focuses on the Australian New Year’s fire event and aims to address limitations in current plume-rise models

by explicitly incorporating the fire’s impact on atmospheric conditions in the host model. In previous studies, the host model

4



provided atmospheric conditions to the plume rise model, which in turn returned an injection height, as illustrated in Figure 1.

Although the fire’s impact is considered within the plume rise model, the host model itself remains unaware of the fire-induced

changes to meteorological variables.130

This study integrates fire-induced heat and moisture release, along with aerosol–radiation interactions for internally mixed

aerosols, to investigate their combined influence on plume dynamics and vertical aerosol distribution. Understanding these

coupled processes is essential for accurately assessing the role of wildfire emissions in atmospheric composition and their

broader climatic impacts.

2 Methodology135

2.1 ICON-ART modeling system

The model employed in this study is the ICOsahedral Nonhydrostatic (ICON) numerical weather and climate model. This

model solves the fully three-dimensional, non-hydrostatic, and compressible Navier-Stokes equations on an icosahedral grid

(Zängl et al., 2015). The ICON model facilitates seamless simulations of various processes across local to global scales

(Heinze et al., 2017; Giorgetta et al., 2018). Additionally, the ART (Aerosol and Reactive Trace gases) module is activated140

::::::::::::::::::::::
(Hoshyaripour et al., 2025). This module encompasses the emission, transport, physicochemical transformation, and removal

of aerosols and trace gases (Rieger et al., 2015). The ART module includes detailed representations of aerosol microphysics,

such as nucleation, coagulation, and condensation processes (Muser et al., 2020). It also accounts for aerosol-cloud interac-

tions and the direct and indirect radiative effects of aerosols. Comprehensive descriptions are provided in Rieger et al. (2015);

Schröter et al. (2018) and Muser et al. (2020). ICON-ART employs the ecRad model by Hogan and Bozzo (2018), integrated145

into ICON, to handle radiative transfer calculations. The optical properties of cloud particles, aerosols, and gases vary with

wavelength. ecRad covers a spectral range from 0.2 to 1000 µm, divided into 30 spectral bands. These bands are used for

aerosol and cloud particle optical properties, while the gas optical properties are further subdivided. Only upwelling and down-

welling radiation are considered, and the optical properties are integrated over all angles, simplifying the necessary parameters

to the mass extinction coefficient (kext), the single scattering albedo (ω), and the asymmetry parameter (g). For aerosols, op-150

tical properties are supplied directly to the radiation scheme . Using this information, ecRad
:::
via

::::::
lookup

::::::
tables.

:::
The

::::::::
radiative

::::::
transfer

:::::::::
parameters

:::::::
(optical

:::::
depth,

:::::
single

:::::::::
scattering

:::::
albedo

::::
and

:::::::::
asymmetry

:::::::::
parameter)

:::
are

:::::::
obtained

:::
by

:::::
using

:::
the

::::::
aerosol

::::::
optical

::::::::
properties

::::
and

:::
the

::::
local

:::::::
aerosol

::::
mass

::::::::::::
concentration.

::::
The

:::::::::
calculation

:::
of

:::
the

:::::::
radiative

:::::::
transfer

:::::::::
parameters

::
is
:::::::::

performed
:::

in
:::
the

:::::::
radiation

::::::
routine

::::
and

::::::
passed

::
to

::::::
ecRad.

:::::
ecRad

:
calculates reflection, transmission, and internal radiation sources

:::::
online for each

grid box and model level, resulting in the upward and downward radiative fluxes. In addition, it calculates radiative heating155

and cooling, which feeds back into the dynamics and physics of the model.
::::::
ICON.

::::
After

:::
the

:::::::::::
initialization

:::::
phase

::
in

:::::
ICON,

:::
the

::::::::
dynamic

::::
core

::::::
routine

:
is
::::::::
executed,

::::::::
followed

::
by

:::::
tracer

:::::::::
advection.

::::
The

:::::
tracer

::::::::
advection

:::
step

::::
also

:::::::::::
incorporates

::::
ART

:::::::::
emissions.

::::::::::::
Subsequently,

:::
the

:::
fast

:::::::
physics

::::::::
processes

:::
are

:::::::
applied,

::::::::
including

:::::::::
saturation

::::::::::
adjustment,

::::::::::
land–surface

:::::::::::
interactions,

:::
and

::::::::
turbulent

::::::::
diffusion.

:::
At

::::
this

:::::
stage,

::::
ART

::
is
:::::::

coupled
:::::

again
:::

to
::::::
account

:::
for

:::::::
aerosol

::::::::
dynamics

::::
and
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:::::::
chemical

:::::::::
reactions.

:::::
Next,

:::
the

::::
slow

:::::::
physics

::::::::
processes

::::
are

:::::::::
performed.

::::::::::
Convection

::::
and

:::::::
radiation

::::
are

:::
also

::::::::
coupled

::::
with

:::::
ART.160

::::::
Finally,

:::
the

::::::::
workflow

:::::::::
concludes

::::
with

:::
the

:::::
output

::::::::::
generation.

2.1.1 Wildfire emissions in ICON-ART

To address
::::::::
represent vegetation fire emissions, the ICON-ART modeling system is

:::
was

:
extended by incorporating the one-

dimensional Freitas model (Freitas et al., 2006, 2007, 2010). It is
:::::::::
plume-rise

::::::
model

:::::::::::::::::::::::::::
(Freitas et al., 2006, 2007, 2010).

:::::
This

:::::
model

::
is

:::::::
invoked

::::::
during

:::
the

::::::::
emission

:::::::
routine

:::
and

::
is
:::::::
coupled

:::
to

::::::::::
ICON-ART

::
in

::
a

:::::::
one-way

:::::::
manner.

::::
The

::::::
Freitas

::::::::::
plume-rise165

:::::
model

::
is

::::::::
triggered

::
in

::::
grid

::::
cells

::::::
where

:::
the

::::::
Global

::::
Fire

::::::::::
Assimilation

:::::::
System

:::::::
(GFAS)

::::::
aerosol

::::::::
emission

::::
flux

:::::::
exceeds

::::::::
5×10−12

::
kg

:::::
m−2.

:::
The

:::::::::
plume-rise

::::::
model

:::::
reads

::
in

:::
the

::::::::::::
meteorological

:::::::::
conditions

::::
from

:::::::::::
ICON-ART,

:::::::::
determines

:::
the

::::
heat

:::
flux

:::::::::
according

::
to

::
the

:::::::::
vegetation

::::
type

::::::
within

:::
the

::::
grid

:::
cell

::::
and

:::::::::::
subsequently,

::::::
returns

:::
the

:::::::::
plume-top

:::
and

:::::::
bottom

:::::
height

::
to
:::::::::::
ICON-ART.

:::::::::
Therefore,

implemented in ICON-ART in the same way as it was implemented in COSMO-ART by Walter et al. (2016). This coupling

:::
The

:::::::::
plume-rise

::::::
model

:::
and

:::
the

:::::::
coupling

:::::
with

:::::::::
ICON-ART

:
is briefly explained below.170

The plume-rise model takes into account buoyancy, atmospheric stratification, and flow conditions to calculate the plume

height. These processes occur on scales significantly smaller than the grid spacing of regional and global modeling systems,

typically on the order of 100 meters for plume dynamic processes compared to 10-100 kilometers in the host model, such as

ICON-ART.

The one-dimensional plume-rise model employs an internal vertical grid spacing of 100 m with 200 vertical layers. Environ-175

mental conditions, such as pressure, humidity, temperature, and wind speed are calculated by ICON-ART. For every grid point

with an active fire, these variables are transferred to the plume-rise model to calculate the current plume height.

Fire size and intensity, based on vegetation typeand density, determine heat release and initial buoyancy.
::
To

:::::::::
determine

:::
the

::::::
bounds

:::
for

:::
the

:::::::
effective

::::::::
emission

:::::
height

::
in

:::
the

::::::::::
ICON-ART

::::::
model,

::
an

::::::
upper

:::
and

:::::
lower

::::
limit

:::
for

:::
the

:::::
fire’s

:::
heat

::::
flux

::
is

::::::::
assumed.

:::::
These

:::::::::
vegetation

::::
type

::::::::
dependent

::::
heat

::::
flux

::::::
values

:::
are

::::
taken

:::::
form

::::::::::::::::
Freitas et al. (2006)

:
. The lower boundary condition assumes180

a virtual buoyancy source below the surface, resulting in high vertical velocity at the surface. Final buoyancy is limited by

turbulent and dynamic entrainment, with turbulent entrainment causing dilution and increased plume radius, and dynamic

entrainment accounting for wind speed and plume bend-over. Buoyancy is further increased by latent heat release during con-

densation. The plume top is defined as the height at which the vertical velocity drops below 1 m s−1.

To determine the bounds for the effective emission height in the ICON-ART model, an upper and lower limit for the fire’s heat185

flux is assumed. These heat flux values are dependent on the type of vegetation in the respective grid cell and are taken form

Freitas et al. (2006).

In Walter et al. (2016), the fire area was set to 50 ha, this assumption is replaced by the approach of Val Martin et al. (2012),

which is also used by Ke et al. (2021). Here, the fire size in a grid cell Agc is given by:

Agc =∆r
FRPgc

FRPmax
(1)190

∆r is the horizontal resolution of detected fire dataset. For this application the Global Fire Assimilation System (GFAS )
:::::
GFAS

is used as fire input. GFAS has a resolution of 0.1◦. FRPmax is the maximum FRP and defined as the 99th percentile value of
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the detected FRP in the fire region. FRPgc is the fire radiative power in the respective grid cell.

The FRP from GFAS is used for the weighting of the fire size. Since aerosol, moisture, and heat release are also based on

GFAS data, a brief description follows.195

GFAS relies on FRP, which is derived from the NASA fire product MOD14. MOD14 includes thermal radiation observations

(λ=3.9 µm-11 µm) from the MODIS (Moderate Resolution Imaging Spectroradiometer) instrument aboard the Terra and Aqua

satellites (Giglio, 2007; Justice et al., 2011). Thermal radiation cannot penetrate clouds, making satellite observations of active

fires reliable only in cloud-free regions. To address the data gaps caused by this limitation
::::
cloud

::::::::
blocking, fire data is assimi-

lated using a Kalman filter (Rodgers, 2000). It is assumed that the true FRP density at time step (t) is a combination of the FRP200

density from the previous time step (t-1) and the observed FRP density at time step (t). Sampling is limited to a maximum of

four times per day, and it is assumed that these three to four daily overpasses adequately represent the diurnal cycle of the fire

(Kaiser et al., 2012). FRP measures the radiative energy released by the fire, which is assumed to correlate with the amount of

vegetation burned and is proportional to biomass burning emissions (Kaiser et al., 2012).

The
:::
The

::::::
diurnal

::::
cycle

:::
of

::::
fires

:::::
varies

::::::::::
considerably

::::::
across

::::::
regions

::::
and

:::::::
depends

::
on

::::
both

::::
fuel

::::
type

:::
and

::::::::::::
meteorological

::::::::::
conditions.205

:::
For

::::::::
instance,

:::::::
extreme

::::
fires

:::::
often

:::::
show

::
a
::::::::::
pronounced

:::::
peak

:::::::
activity,

::::::::
extended

:::::::
duration

::::::::::
throughout

:::
the

::::
day,

::::
and

:::::::::
persistent

::::::::
nighttime

:::::::
burning.

::::::
Despite

:::::::::
variations,

:
a
:::::::
majority

::
of

:::::::::
vegetation

::::
fires

:::::
follow

::
a
:::::::::::
characteristic

::::::
diurnal

::::
cycle

::::
that

:::
can

::
be

::::::::::::
approximated

::
by

:
a
::::::::
Gaussian

::::::::::
distribution,

::::::::
typically

:::::::
peaking

::
in

:::
the

::::
early

:::::::::
afternoon

::::::::::::::::::
(Vermote et al., 2009).

::
A

::::::::::
generalized diurnal cycles of fire

can be observed by geostationary satellites. The diurnal cycle function proposed by Kaiser et al. (2009); Andela et al. (2015)

and
::
has

:::::
been

::::::::
proposed

::
by

:::::::::::::::::
Kaiser et al. (2009)

:::
and

:::::::::::::::::
Andela et al. (2015)

:::
and

:::
was

:
applied by Walter et al. (2016) in COSMO-210

ART;
::::

this
::::::::
approach

:
is also implemented in ICON-ART. To account for the diurnal variability, a diurnal cycle functiond(t1)

:::
The

::::::
diurnal

:::::
cycle

::::::::
function,

::::::
denoted

:::
as

::::
d(t1),

:
is applied to the

::::
both fire intensity and fire size

:::::
within

:::
the

:::::::::
plume-rise

::::::
model.

d(t1) = ω+(1−ω)
1

σ
√
2π

exp
(
− 1

2
(
t1 − t0

σ
)2
)

(2)

Here ω is a weighting, which is set according to the vegetation type. ω is 0.039 for tropical forests, 0.018 for savannas, and

0.003 for grasslands.
:::
This

::::::::
deviation

::
of

:::::::::
vegetation

:::::
types

:
is
::
a
:::
first

:::::
order

::::::::::::
approximation

:::
for

:::
the

:::::
strong

::::::
diurnal

::::::::
variation

::
of

:::::::
biomass215

::::::
burning

:::::::::::::::::
(Kaiser et al., 2009).

:
t1 is the local solar time, t0 is the expected value of maximum emission set to 12.5 and σ is the

standard deviation, set to 2.5. The diurnal cycle function is also applied to the emission fluxes.

The Plume-rise model returns both the plume bottom and top height
:
,
::::::::
according

::
to

:::
the

:::::::::
vegetation

::::
type. Following Walter

et al. (2016), a parabolic emission profile ( f(z∗) ) is assumed between these heights to represent the vertical distribution of

emissions:220

f(z∗) = 6z∗(1− z∗) (3)

The dimensionless height z∗ is defined as:

z∗ =
z− zbot

ztop − zbot
(4)

z is the model height, ztop and zbot are the plume top and bottom heights, respectively.

7



Figure 1. Schematic illustration of the
::::::
coupling

::::::
between

:::
the plume-rise model coupling in

::
and

:
ICON-ART

:
.
:::
The

::::::
diagram

:::::
shows

:::
the

:::::::
sequence

:
of
::::::::

processes:
::::::::::

fire-induced
::::::
sensible

::::
heat

::::::
release,

::::::
emitted

:::::::
moisture,

:::
and

:::::::::::::
aerosol–radiation

:::::::::
interaction

:::::
within

:::::::::
ICON-ART,

:::::
which

::::::
modify

:::
the

:::::::::
atmospheric

::::
state.

:::::
These

::::::
updated

::::::::
conditions

:::
are

::::
then

:::::
passed

::
to

:::
the

:::::
Freitas

::::::::
plume-rise

:::::
model

:::
for

:::::
plume

:::::
height

:::::::::
calculation.

::::::
Finally,

::::::
aerosol

:::
and

::::::
moisture

::::::::
emissions

:::
are

::::::
applied,

:::
and

::
the

:::::
cycle

::::::
repeats.

This leads to an emission rate E in kg
:
m−2

:
s−1, which is calculated for a respective grid cell and is depending on the height225

z and the time t.

E(z, t) =M(t)× d(t)× f(z, t)× 3.4 (5)

M is the daily mean emission flux in kg m−2 s−1 based on the GFAS dataset. For this study the aerosol emission flux
::::::
(Eaero)

is assumed to be the sum of the GFAS BC plus OC. d is the diurnal cycle given by equation
:::::::
Equation

:
2 and f is the parabolic

emission profile between the upper and lower injection heights. To account for a systematical underestimation of the particulate230

matter emission in the GFAS dataset, the emission flux is multiplied by an empirical factor of 3.4 as suggested by Kaiser et al.

(2012). Later comparisons will demonstrates
::::::::::
demonstrate that the application of this correction factor results in a generally

good agreement with observed air quality measurements.

::::
This

::::::
outlines

::::
that

:::
the

:::::::::
plume-rise

::::::
model

::::
only

:::::
feeds

::::
back

:::
the

::::::::
injection

:::::
height

::
to

:::
the

::::::::::
ICON-ART

::::::
model.

::::::::::
Calculated

:::::::
changes

::
in

::::::::::::
meteorological

::::::::
variables

:::
are

:::
not

::::::
coupled

:::::
with

::::::::::
ICON-ART.235
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2.1.2 Heat and Moisture Release

::
In

:::
this

:::::
study,

:::
we

:::
use

:::
the

::::
term

:::::::::::
“fire-induced

::::::::::::
meteorological

::::::::
changes”

::
to

:::::::
describe

:::::::::::
modifications,

::::::
which

:::
are

::::::
induced

:::
by

:::::::::
fire-related

:::
heat

::::
and

:::::::
moisture

::::::
release

:::::
and/or

::::::::::::::
aerosol-radiation

::
in

:::
the

::::::::::
ICON-ART

::::::
model.

:::::::
Thereby,

:::
the

:::::::::
plume-rise

:::::
model

:::::::
remains

::::::::::
unchanged;

:
it
::
is
::::
only

:::::::::
influenced

:::
by

:::
the

::::::::
modified

:::::::::::
atmospheric

::::
state

::::::::
provided

:::
by

::::::::::
ICON-ART.

:
Figure 1 illustrates how the ICON model

provides
:::::::::
ICON-ART

::::::::
supplies atmospheric input to the plume-rise model. However, the effects of fire-induced heat and240

moisture release,
:::::
Within

:::
the

:::::::::::
ICON-ART

::::::::
emission

:::::::
routine,

:::
the

:::::::::
plume-rise

::::::
model

:::::::::
calculates

:::
the

::::::::
emission

::::::
height

:::::
based

:::
on

::
the

:::::::::::
atmospheric

:::::::::
conditions

::::
from

:::::::::::
ICON-ART

:::
and

:::
the

:::::::::
vegetation

::::
type

:::
of

:::
the

::::::::::::
corresponding

::::
grid

::::
cell.

::::
The

:::::::::
plume-rise

::::::
model

::::::::
internally

:::::::
accounts

::::
for

:::::
latent

::::
and

:::::::
sensible

::::
heat

:::::
from

:::
the

:::
fire

:
as well as aerosol

:::::
cloud

:::::::::
formation,

:::
but

:::::
these

:::::::::::::
meteorological

::::::
changes

::::
are

:::
not

:::
fed

:::::
back

::
to

:::
the

::::::
ICON

::::
host

::::::
model.

::::::::::::
Consequently,

:::::::
without

:::
the

::::::::::::
modifications

::::::
applied

:::
in

:::
this

::::::
work,

:::
the

::::
host

:::::
model

:::::::
remains

::::::::
unaware,

::::::
except

:::
for

:::
the

:::::::
emitted

:::::::
aerosols.

:::
In

:::
this

::::::
study,

:::
we

::::::
analyze

::::
how

::::::::::::
incorporating

::::::::::
fire-induced

::::
heat

::::
and245

:::::::
moisture

:::::::
release,

:::::::
together

::::
with

:::::::
aerosol–radiative interactions, are not reflected in the atmospheric state used for plume-rise

calculations. To address this limitation, the
:::::::
radiation

::::::::::
interactions,

::::::
affects

::::::::::
atmospheric

:::::::::
conditions

::
in

::::::::::
ICON-ART

:::
and

::::
how

:::::
these

::::::
changes

:::::::::
ultimately

::::::::
influence

:::
the

::::::::
calculated

::::::
plume

::::::
height,

:::::::
without

:::
any

::::::
tuning

::
of

:::
the

::::::
Freitas

:::::
model

:::::
itself.

:

:::
The

:
parameterizations for heat and moisture release proposed by Muth et al. (2025) are applied and adapted from a

convection-resolving to a convection-parameterizing model setup.
:::::::::::
configuration.

:::::::
Sensible

::::
heat

:::::::
release

::
is

:::::::::::
implemented

::
as

::
a250

::::::::::::::::::
surface-to-atmosphere

::::
heat

::::
flux

:::::
within

:::::::::::
ICON-ART. A brief description of this approach

::::
these

:::::::::::::::
parameterizations

:
is provided

below.

The total energy released by fires is calculated by multiplying the Fire Radiative Power (FRP) by a factor of 10, as proposed

by Val Martin et al. (2012) and applied in Ke et al. (2021). To estimate the portion of this energy contributing to convective

processes, a factor of 0.55 is used, following Freitas et al. (2006). Additionally, the FRP is weighted with a diurnal cycle func-255

tion to account for peak fire intensity typically occurring in the early afternoon. The resulting heat release is implemented as a

sensible heat flux from the surface to the atmosphere , leading to a
:::::
within

:::
the

::::::::::
land/surface

:::::::
scheme.

::::::::::
ICON-ART

::::
then

::::
takes

::::
this

::::::::
additional

::::
heat

::::
flux

:::
into

:::::::
account

:::::
when

:::::::::
calculating

:::
the

:::::::::
prognostic

::::::::
variables.

::::
The fire-induced sensible heat flux shfire defined

as:

shfire = FRP × 5.5× d× 3.4 (6)260

The FRP and shfire both have units of W m−2. We decided to apply the GFAS correction factor of 3.4 to the heat release

estimates as well. Although this factor was originally validated for aerosol emissions only, we extend its application to FRP

more broadly. We hypothesize that this adjustment helps compensate for potential underestimations of FRP in cases of intense

pyroconvective activity and dense aerosol clouds, which may obscure satellite observations and result in lower FRP retrievals.

The moisture release implementation includes combustion moisture with an emission ratio of 0.75 H2O/(CO+CO2) accord-265

ing to Parmar et al. (2008). CO and CO2 emission fluxes from GFAS are scaled and incorporated into the ICON specific

humidity tracer. Fuel moisture,
:::
For

:::
the

::::
fuel

::::::::
moisture,

:::
the

::::::
burned

:::::
matter

::
is
:
divided into 30% dead and 70% alive components,

:
.
::::
This follows thresholds from Nolan et al. (2016) and Deb et al. (2020) , resulting

:::
for

::::::::
southeast

::::::::
Australia

:::
and

::::::
results

:
in an

9



approximate fuel moisture content of 75.42%, which is then multiplied by the GFAS combustion rate. .
:

qvfire = (0.75× (mCO +mCO2
)+ 0.7542×mload)×d× 3.4 (7)270

Moisture
:::
The

:::::::
moisture

:
emission flux by the fire is qvfire in kg m−2 s−1. mCO and mCO2 in kg m−2 s−1 are the mass fluxes

of CO and CO2 ::::
from

:::::
GFAS

:
and mload in kg m−2 s−1 is the

:::::
GFAS combustion rate. The emitted mass is weighted with a

diurnal cycle function and again multiplied with the correction factor of 3.4. The moisture is added to the specific humidity

tracer
::
in

:::
the

::::::::::
ICON-ART

:::::
model. The moisture emission follows the same injection height and profile as the particles, accord-

ing to the plume-rise model.
::::::::
Therefore,

:::
the

::::::::::::::
moisture-release

:::::::
emission

::::
rate

:::::::
Eqvfire:::

can
::::::::
obtained

::
by

::::::::
inserting

::::::
qvfire ::

as
:::
M

::
in275

:::::::::
Equation 5.

::::
This

:::::::::
additional

:::::::
moisture

::
is

:::::
added

::
to
:::
the

:::::::
existing

:::
qv

:::::::
(specific

::::::::
humidity)

:::::
tracer

:::
of

:::::
ICON

:::
and

:::::
thus,

:::::::::
contributes

::
to

:::
all

:::::::
physical

:::
and

:::::::::
dynamical

:::::::::
processes.

:::
The

:::::::
changes

::
in

:::
the

:::::::::::
atmospheric

::::
state

::
by

:::::
either

:::
the

::::
heat

::
or

::::::::
moisture

::::::
release

:::::::
thereby

::::::
change

::
the

:::::::::::
atmospheric

::::::
profiles

::::
that

:::
are

:::::
inputs

:::
for

:::
the

:::::
plume

::::
rise

::::::
model,

:::
and

::::::::
therefore

::::::
impact

:::
the

::::::::
calculated

::::::::
injection

::::::
height.

2.1.3 Aerosol Optical Properties280

As previously noted, ICON-ART incorporates the aging processes of aerosol particles, which significantly influence their op-

tical properties. The methodology employed to represent and simulate this aging is detailed in the following section.

The essential input variables for the ICON-ART radiation calculations include kext, ω, and g. These parameters are derived

using a Mie code developed by Bond et al. (2006) and Mätzler (2002), based on the work of Bohren and Huffman (2008).

Research by Brito et al. (2014) indicates that biomass burning aerosols develop a shell, leading to internal mixing. To account285

for this particle coating, a core-shell model can be incorporated into the calculations. The input parameters required for the

Mie calculations are the median diameter, the shell-to-core fraction, and the refractive index of core and shell. For this study a

bi-modal aerosol size distribution with a median number diameter of dn = 20 nm for the smaller Aitken mode and dn = 150 nm

for the larger accumulation mode is assumed. The aerosol size distributions and chemical compositions used in this study are

consistent with the ranges reported by Brito et al. (2014), based on ground-based measurements during the SAMBBA cam-290

paign in September 2012. These findings are further supported by Levin et al. (2010), who investigated the physical, chemical,

and optical properties of biomass burning aerosols during controlled combustion experiments in the FLAME campaign. Ad-

ditionally, Sakamoto et al. (2015) reported similar aerosol characteristics from in-flight sampling conducted with the FAAM

research aircraft. Measurements reported by Brito et al. (2014) indicate soluble-to-insoluble fractions of 0.07 and 0.12 for two

distinct observational periods. In this study, a shell-to-core volume fraction of 0.1 is adopted, consistent with the range reported295

by Reid et al. (1998b). Additionally, a BC/OC mass ratio of 0.03, which is within the range reported in Konovalov et al. (2017)

is assumed and and inorganics/H2O mass mixing ratio of 0.75. The inorganics-to-H2O ratio is derived from an analysis of

the reference experiment, acknowledging that this parameter is highly uncertain and subject to temporal variability (Zauscher

et al., 2013). The results of the Mie calculations is shown in Figure 2.

It is evident that the mixed modes (coated aerosol) exhibit slightly higher extinction coefficients and single scattering albedo300

in the visible range compared to the insoluble modes (uncoated aerosol). This is attributed to the H2O–H2SO4 coating, which
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Figure 2. Optical properties of OC+BC containing aerosol modes at ecRad wavelengths. a) mass extinction kext in m2 g−2, b) single

scattering albedo ω, and c) asymmetry parameter g unit-less. The black lines show the Aitken mode and the brown lines the accumulation

mode. Solid and dashed lines show the insoluble (uncoated aerosol) and mixed (coated aerosol ) mode, respectively.

acts as a strong scatterer. The Mie theory assumes that particles are spherical. In reality, soot and biomass burning particles

have a variety of morphologies: chain aggregates, solid irregulars and more liquid/spherical shapes. The physical and chemical

composition is strongly variable and depending on the fuel type, moisture, combustion phase, wind conditions and age of the

particles (Reid et al., 1998a). However, the liquid coating can lead to spherical particle surfaces, justifying the assumption of305

particle sphericity in the mixed mode. For consistency, the sphericity assumption is also applied to the insoluble mode contain-

ing uncoated particles, as it is done in Muser et al. (2020).

:::
The

::::::::::
calculation

::
of

:::::::
aerosol

::::::::
radiative

::::::
effects

:::::
takes

:::::
place

::
in

::
in
::::

the
::::::::::
ICON-ART

::::::
model.

:::::::::::::::
Aerosol-radiative

::::::
effects

::::::
impact

::::
the

::::::::::
atmospheric

:::::::
stability

:::::
close

::
to

:::
the

::::
fire

::::::
source,

::::::
which

::
is

:::::
used

::
by

::::
the

:::::
plume

::::
rise

::::::
model

::
to

::::::::
calculate

:::
the

::::::::
emission

::::::
height,

:::
as

:::
well

:::
as

::::::::::
downstream

:::
of

:::
the

:::::::
plume.

:::::
Other

::::
than

:::
the

::::::::
modified

:::::::::::
atmospheric

:::::::
profiles,

::::
the

::::::
Freitas

::::::
model

::::
does

::::
not

:::::::
account

:::
for310

::::::::::::::
aerosol-radiation

:::::::::
interaction.

:

2.2 Observational data

As a case study, the Australian Black Summer Fires 2019/2020, particularly the initial phase of the Australian New Year’s

event, has been selected to test the developments. The interaction between the fire, the plumes and the atmosphere during this

event was significant. Record-breaking warmth in December, coupled with exceptionally low rainfall, created conditions con-315

ducive to extreme fire activity. The ANY event was especially significant due to the passage of a cold front through southeastern
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Australia. This front was preceded by elevated temperatures and strong wind speeds, which intensified fire behavior. During

this event, the fires generated 38 pyroCb clouds, during 18 sub-events (Peterson et al., 2021). This type of intense pyroconvec-

tion represents an extreme case and may not be ideal for generalizing fire–atmosphere interactions under typical conditions.

However, it provides an excellent opportunity to investigate how extreme wildfires influence meteorological variables and drive320

plume development.

To validate the results the NASA 3D wind algorithm and CALIPSO data is used. The NASA 3D wind retrieval algorithm, as

described by (Carr et al., 2018, 2019, 2020), is utilized to determine the heights of plumes and clouds. This algorithm employs

stereo imaging, which uses geometric parallax to derive feature heights. By integrating data from geostationary (GEO) and

low-earth orbit (LEO) satellites, it produces three-dimensional (3D) atmospheric motion vectors (AMVs) through a multi-325

platform, multi-angle stereoscopic approach. The term “3D Winds” refers to the three-dimensional positioning of horizontal

AMVs within the atmosphere. Observing the parallax of a feature from two different vantage points (stereo) provides direct

information about its height.

In this study, the LEO-GEO retrieval method is applied. The LEO satellite data is sourced from Terra and Aqua MODIS

Level 1B in the blue band (459-479 nm) with a 500 m resolution. The GEO satellite data is obtained from Himawari-8’s blue330

band (430-480 nm). The Advanced Himawari Imager (AHI), operated by the Japan Meteorological Agency, has a 10-minute

temporal resolution that is used to track feature movement. MODIS data is then used to calculate parallax, determining AMVs

and height. A quality flag is employed to exclude poor retrievals.

Further, analysis of CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) data is used for vali-

dation. The CALIPSO satellite integrates an active lidar instrument with passive infrared and visible imagery to analyze the335

vertical structure of thin clouds and aerosol layers globally. Launched in 2006 alongside the CloudSat satellite’s cloud profiling

radar system, CALIPSO provided valuable data on atmospheric clouds and aerosols. The data utilized in this study is the total

attenuated backscatter at 532 nm, classified as Level 1 data. These attenuated backscatter profiles are derived from the cali-

brated, range-corrected, laser energy normalized, and baseline-subtracted lidar return signal. The horizontal resolution ranges

from 0.33 km to 5 km, while the vertical resolution varies from 30 to 300 m, depending on altitude.340

Finally, air quality data from the Centre for Air Pollution, Energy and Health Research’s (CAR) National Air Pollution Mon-

itor Database (NAPMD) were utilized (CAR’s NAPMD, 2021). To reduce noise in the data, three-hourly mean concentrations

of PM2.5 are calculated and compared with corresponding model-derived aerosol concentrations averaged over the respective

grid cells. The locations of the monitoring stations are shown in Figure 3.

2.3 Model Configuration345

Limited-area model simulations
::::
Prior

::
to

:::
the

:::::::::::
experimental

::::::::::
limited-area

:::::
mode

::::::::::
simulations,

:
a
::::::
global

::::::::
simulation

::::
with

::
a

:::
grid

:::::::
spacing

::
of

::
13

::::
km

::
is

:::::::::
performed

::
to

::::::
obtain

:::
the

:::::
input

::::
data

:::
for

:::
the

::::::::
boundary

::::::::::
conditions.

::::
This

::::::
global

:::::::::
simulation

::
is

:::::::::
initialized

:::::
using

:::
the

::::::
German

::::::::
Weather

::::::
Service

:::::::
(DWD)

:::::::
analysis

::::::
product

::::
and

::::
does

:::
not

:::::::
account

:::
for

:::
fire

:::::::
impacts

::
on

:::
the

:::::::::::::
meteorological

::::::::
variables.

::::
The

::::::::::
limited-area

:::::::::
experiment

::::::::::
simulations

:
are conducted with a grid spacing of 6.6 km, employing parameterized convection and

incorporating a plume-rise model to represent injection heights. It is proposed that at this resolution, the influence of fires on350
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Figure 3. The simulated domain including the GFAS FRP CAMS, 2021 remapped to the ICON grid on the December 30, 2019. Generated

using Copernicus Atmosphere Monitoring Service information [2023]. The magenta markers show the locations of the air quality stations.

The green line shows the CALIPSO overpass on January 2, 2020, at 02:30 AEDT, the blue line corresponds to the CALIPSO overpass on

January 1, 2020, at 13:30 AEDT

meteorology becomes significant and should not be neglected. However, the grid spacing is still too coarse to explicitly resolve

convection and the associated plume-rise processes. Prior to the experimental simulations, a global simulation with a grid

spacing of 13 km is performed to obtain the input data for the boundary conditions. This global simulation is initialized using

the German Weather Service (DWD) analysis product and does not account for fire impacts on the meteorological variables.

The experiment domain extends from southeast Australia to New Zealand, as shown in Figure 3. The experiments are initialized355

with the DWD analysis product and meteorological variables of the boundary conditions are read every 3 hours. The domain is

30 km high with 70 vertical levels, the vertical grid spacing increases with height. Simulations run from December 30, 2019,

at 00:00 UTC to January 1, 2020, at 22:00 UTC and therefore focus on the first phase of the ANY event.

Chemical tracers (CH4, C2H6, C3H8, CH3COCH3, CO, NH3, NO2, SO2, DMS, HNO3) are initialized using CAM-Chem

data (Buchholz et al., 2019; Emmons et al., 2020). A simplified OH-chemistry mechanism (Weimer et al., 2017) is employed,360

which additionally includes C5H8, CO2, and OCS. The simulation allows for new particle formation through nucleation, parti-
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Table 1. Overview of the performed experiments.

Experiment Moisture release Heat release Aerosol-radiation interaction

REF × × ×

MOIST ✓ × ×

HEAT × ✓ ×

ARI × × ✓

ALL ✓ ✓ ✓

cle coagulation, and condensation of gaseous species. ISORROPIA II (Fountoukis and Nenes, 2007) is used for gas-to-particle

partitioning, accounting for H2O, NO3, and NH4.
::::::::
However,

::::::::
secondary

:::::::
organic

:::::::
aerosols

:::
are

:::
not

:::::::::
accounted

:::
for.

:::::::
Emission

::::::
fluxes

:::
for

:::::::
aerosols

:::
and

::::
the

::::::::::::::
parameterization

::
of

::::::::
moisture

:::
and

::::
heat

::::::
release

:::
are

:::::
based

:::
on

::::::
GFAS

::::
data

::::::::::::
(CAMS, 2021)

:
.

::
As

::::::::::
mentioned,

:::::
GFAS

::::
has

:
a
:::::::::
resolution

::
of

::::
0.1◦

:::
and

::
is
::::::::

provided
:::
on

:
a
::::::
regular

:::::::::::::::
longitude-latitude

:::::
grid,

:::
and

::::::::
therefore

:::::
needs

::
to

:::
be365

::::::::
remapped

::
to

:::
the

::::::
ICON

::::::::
triangular

:::::
grid.

::::
This

::
is

::::
done

:::::
using

:::
the

::::::
Radial

:::::
Basis

::::::::
Function

::::::::::::
Interpolation. Fire emission data from

GFAS is updated daily at 00:00 UTC. The FRP from GFAS is displayed for December 30 in Figure 3. The GFAS emission

flux is proportional to the FRP, indicating fire locations and emission strength. On December 30, the FRP reaches up to 144W

:::
W m−2, on December 31 up to 47 W m−2, and on January 1 up to 10 W m−2. This indicates a decrease of fire activity

throughout the simulation.370

In this study, aerosols are treated as an internal mixture of BC and OC to their co-emission from wildfire sources. This rep-

resentation assumes that both components are part of the same aerosol particle, rather than existing as separate particles. It

captures the fact that BC and OC are emitted together and are physically mixed during and shortly after emission. This ap-

proach provides a simplified but realistic way to represent wildfire aerosol composition in transport models. 6% of the particles

are emitted in the smaller Aitken mode, with a log-normal distribution around the median diameter of 20 nm and standard375

deviation of 1.7, and 94% in the accumulation mode with a with a log-normal distribution around the median diameter of 70

nm and standard deviation of 2.0. The simulations do not account for aerosol-cloud interaction.

We performed
::::::::
conducted

:
five experiments (Table 1): a reference run (REF)without fire impact on meteorology, followed

by three individual experiments isolating the effects of ,
:::
in

:::::
which

::::
fire

::::::
aerosol

:::::::::
emissions

:::
are

:::::::
enabled

::::
and

:::
the

::::::::::
plume-rise

:::::
model

:::::::::
calculates

::::::::
emission

::::::
heights

::::::
based

:::
on

::::::::::
ICON-ART

:::::::::::
atmospheric

:::::::::
conditions

:::::::
without

:::::::::
accounting

:::
for

::::
any

:
fire-induced380

:::::::
impacts.

::
In

:::
this

::::::::::::
configuration,

::::::::::::::
aerosol–radiation

::::::::::
interactions

:::
are

:::
not

:::::::::
considered,

::::
and

:::::::
aerosols

:::
are

:::::::::
transported

::
as

::::::
passive

:::::::
tracers.

::::::::::
Additionally,

:::::
three

:::::::::
sensitivity

::::::::::
experiments

:::::
were

::::::::
performed

::::::
based

::
on

:::::
REF,

::::
each

:::::::
isolating

::
a
::::::
specific

::::::::
process:

::::::::::
fire-induced heat

release
::
in

::::::::::
ICON-ART

:
(HEAT), moisture release

::
in

::::::::::
ICON-ART

:
(MOIST), and aerosol–radiation interaction

::
in

::::::::::
ICON-ART

(ARI), and finally one experiment combining all three processes
:
.
::::::
Finally,

::::
one

::::::::
combined

::::::::::
experiment (ALL)

:::::::
includes

::
all

:::::
three

::::::::
processes

::::::::::::
simultaneously.385
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2.4 Definitions and analysis methods

In the following, the temporal evolution of the mass-weighted plume height
:::::::
evolution

:::
of

:::::
plume

:
is presented. For this analysis,

the plume is defined as the set of grid cells in which the
::::::
aerosol mass mixing ratio exceeds 0.05 µg m−3,

::
if

:::
not

:::::
stated

:::::::::
otherwise.

:::
For

::::::
vertical

:::::::
profiles

:::::
within

:::
the

::::::
plume

::::
area,

:::
the

::::::
plume

:::
area

::
is
:::::::
defined

::
as

::
an

::::::
aerosol

:::::::
column

::::
load

::::::::
exceeding

:::
0.5

::
g
::::
m−2.

The mass-weighted height is calculated by summing the product of the aerosol mass in each plume grid cell and the corre-390

sponding height of the grid cell center. This total is then divided by the overall plume mass to obtain the mass-weighted height.

An additional analysis of surface-based Convective Inhibition (CIN) and Convective Available Potential Energy (CAPE) was

performed. Table 2 presents the mean CIN and CAPE values over the fire area derived from the experimental scenarios. The

fire area is defined as a grid cell with an aerosol emission larger than 5×10−12 kg m−2 s−1, taken from the GFAS dataset. CIN,

expressed in J kg−1, quantifies the energy required to lift a surface air parcel to its level of free convection, thereby representing395

a measure of atmospheric stability. CAPE, also in J kg−1, denotes the amount of buoyant energy available to support convective

updrafts, serving as an indicator of the potential intensity of convective processes.

For comparison with the NASA 3D wind algorithm, the top height includes contributions from both aerosol plumes and cloud

layers, as the retrieval algorithm is unable to distinguish between the two. Therefore, an aerosol plume is defined as a grid

cell with an aerosol AOD at 550 nm divided by the vertical extend of the grid cell exceeds a threshold of 50×10−6. A cloud400

is defined as a grid cell in which the combined sum of Liquid Water Content (LWC) and Ice Water Content (IWC) exceeds

0.01×10−3 g m−3. The top height is then determined as the highest altitude level at which either of these thresholds is ex-

ceeded.

The comparison between CALIPSO attenuated backscatter and the simulated backscatter reveals several differences. First, the

model provides only the total backscatter, not the attenuated backscatter. Second, the simulated backscatter accounts exclu-405

sively for wildfire aerosols, excluding contributions from other aerosol sources and clouds. To address the latter limitation, an

isosurface corresponding to a combined LWC+IWC of 01×10−3 g m−3 included in the plots.

:::
All

::::::
heights

::::
refer

::
to

::::::
heights

::::::
above

:::
sea

:::::
level.

3 Results

3.1 Impact of Fire-Atmosphere Interaction on Plume and Clouds
:::::::::::
Fire-induced

:::::::::::::
meteorological

:::::::
changes

::
in

:::::::::::
ICON-ART410

::::::
Firstly,

::
the

:::::::::::
functionality

::
of

:::
the

::::::::::::::
implementations

:
is
:::::::::
evaluated.

:::::
Figure

:::
4a

:::::
shows

:::
the

::::::::
difference

::
in

::::
total

:::::
water

:::::
vapor

::::::
column

:::::::
(WVC)

::::::::::::
(MOIST-REF)

::
at

:::::
14:30

:::::
AEDT

:::
on

::
30

::::::::::
December.

:::
All

:::::
results

:::
are

::::::::
presented

::
in

::::::
AEDT

::::::::::
(Australian

::::::
Eastern

::::::::
Daylight

:::::
Time),

::::::
which

::::::::::
corresponds

::
to

::::::::
UTC+11

:::::
hours.

::::
The

::::::::
emission

::
of

::::::::
moisture

::
by

:::
the

::::
fire

::::::
causes

::::
some

::::::
noise,

::::::::
especially

:::
in

::::
areas

:::
of

::::::
smaller

:::::
fires,

:::
but

::::
there

::
is

::
an

::::::
overall

::::::::
increase.

::
In

:::::
areas

::::
with

:::::
larger

:::::
fires,

:::
the

:::::
WVC

::::::::
increases

::
by

:::
up

::
to

::::::
46.6%.

::::::
Figure

:::
4b

:::::
shows

:::
the

:::::::::
difference

::
in

:::
the

::::
mean

:::::::
vertical

::::::::::
distribution

::
of

:::::
water

:::::
vapor

::::::::::::
concentration

::::::
(QVC)

::::::::::::
(MOIST-REF)

::::
over

:::
the

:::
fire

:::::
area.

:::
The

:::::
areas

:::
are

:::::::
divided415

:::
into

:::::
three

::::::::
depending

:::
on

:::
the

:::::
FRP:

:::
the

::::
solid

:::
line

::::::::
displays

::
the

::::::::
smallest

:::
fires

:::::
with

::
an

::::
FRP

::
of

:::
up

::
to

::
25

:::
W

::::
m−2.

::::
For

::::
these

:::::
fires,

:::
the

:::::::::
differences

:::
are

::::
very

:::::
small,

::::
with

:::::::::
maximum

::::::::
increases

::
of

:::::
0.003

:
g
:::::
m−3.

:::
For

::::::
larger

::::
fires

:::::
(25-50

:::
W

:::::
m−2)

::::
with

:::
the

::::::
dashed

::::
line,

:::
the
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Figure 4. Temporal evolution
:::::
Impact of mass weighted height

::
fire

::::::
induced

:::::::
moisture

:::::
release

::
at
:::::
14:30

:::::
AEDT

::
on

::::::::
December

:::
30.

::
a)

::::::::
difference

:
in
:::::

WVC
::::::::::
MOIST-REF.

::
b)
:::::
mean

::::::
vertical

:::::
profile of the plume during the first two simulation days

::::
QVC

::::::::
difference

:::::
within

::::
three

:::::::
different

:::
fire

::::
areas

:::::::::::
(MOIST-REF). REF is in black

::::
Solid:

:::::::::
0<FRP>25

::
W

::::
m−2, MOIST in blue, HEAT in red, ARI in green,

:::::
dashed:

::
25

:::
W

::::::::
m−2<FRP and

ALL in purple. The gray
::::::
FRP>50

::
W

:::::
m−2, dottedlines indicate :

:::::::
FRP<50

::
W

::::
m−2.

::::
QVC

::::::::
increases

:::
up

::
to

::::
0.56

::
g

:::::
m−2,

::::
with

:::
two

::::::
peaks

::::::
around

:
1
::::

and
::
5

:::
km.

::::
The

::::::::
strongest

::::
fires

::::
(>50

:::
W

:::::
m−2)

:::::
show

:::
the

::::::::
strongest

:::::::
increase

::::
with

:::
two

::::::
peaks,

:::
the

:::::
lower

::
of

::::::
which

::
is

::::::::
increased

::
up

:::
to

:::
1.2

:
g
:::::
m−3.

::::
This

::::::
shows

:::
that

:::
the

::::::::::::::
implementation

:::
has

:
a
:::::::
notable

:::::
impact

:::
on

::::::::::
atmospheric

::::::::
humidity.

:
420

:::::
Figure

:::
5a

::::::
shows

:::
the

::::::
impact

::
of

::::
the

::::
heat

:::::::
released

:::
by

:::
the

:::
fire

:::
on

:::
the

::
2
::
m

:::::::::::
temperature

::
in

::::::::::
ICON-ART.

::::
The

::::
heat

:::::::
release

::
is

::::::::::
implemented

:::
as

:
a
:::::::
sensible

::::
heat

::::
flux

::::
from

:::
the

:::::::
ground

::
to

:::
the

::::::::::
atmosphere,

:::::
which

::::::::
strongly

:::::
affects

:::
the

:::::::::::
temperature

::::::
beyond

:::::
other

::::::
factors.

::::
This

::::
heat

::::::
release

:::::::::
introduces

::::::
noise,

::
as

::::
well

::
as

::::::
larger

::::
areas

:::
of

::::::::
increases

::
of

:::
up

::
to

:::
9.3

:::
K,

::
as

::::
well

::
as

:::::::::
decreases

::
of

:::
up

::
to

::::
11.0

::
K.

:::::
Here,

:::
the

::::
areas

:::
of

:::::::
increase

::::::
appear

::::::
smaller

:::
and

::::::
closer

::
to

:::
the

:::
fire

::::::
source,

:::::::
whereas

:::::
there

::
is

:
a
:::::::
decrease

:::::::::::
downstream

::
of

:::
the

:::
fire.

::::
This

::::
can

::
be

::::::::
attributed

::
to

:::::
cloud

:::::::::
formation

:::
and

:::
the

:::::::::::::
cloud-radiative

::::::
effects,

:::::
which

::::::
reduce

:::
the

::
2
::
m

::::::::::
temperature

::
in

:::
the

::::::
HEAT425

:::::::::
experiment

:::
and

::::
will

::
be

::::::::
discussed

::
in
:::::
more

:::::
detail

::
in

:::
the

::::::::
following

:::::::
sections.

::::::
Figure

:::
5b

:::::
shows

:::
the

::::::
vertical

::::::::::
distribution

::
of

:::
the

:::::
mean

::::::::::
temperature

::
in

::
the

::::
fire

::::
area.

::::::
Again,

:::
the

:::::
effect

::
for

::::
fires

:::::::
smaller

::::
than

::
25

::
W

:::
m2

:::::
(solid

:::::
line)

:
is
::::::::
minimal,

::::
with

::::::::
increases

::
up

::
to

:::
0.1

:::
K.

::
In

:::::::
contrast,

::::
fires

:::::::
between

:::
25

:::
and

::
50

:::
W

:::
m2

:::
and

:::::
larger

::::
than

:::
50

:::::::
increase

::::
close

::
to

:::
the

::::::
surface

:::
by

::
up

:::
to

::
2.1

::::
and

:::
4.0

::
K,

:::::::::::
respectively.

:::::
There

:::
are

::::::
further

::::::::::
temperature

::::::::
increases

:::
and

::::::::
decreases

::::
that

:::
can

::
be

:::::::::
attributed

::
to

::::::::
dynamics,

:::::
cloud

:::::::::
formation

:::
and

:::::::::::::
cloud-radiative

::::::
effects.430
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Figure 5.
:::::
Impact

:::
of

::
fire

:::::::
induced

:::::::
moisture

:::::
release

::
at

:::::
14:30

:::::
AEDT

::
on

::::::::
December

:::
30.

::
a)

::::::::
difference

::
in

:
2
::
m

:::::::::
temperature

:::::::::
HEAT-REF.

::
b)

:::::
mean

:::::
vertical

::::::
profile

:
if
:::::::::
temperature

::::::::
difference

:::::
within

::::
three

:::::::
different

:::
fire

::::
areas

::::::::::
(HEAT-REF).

:::::
Solid:

:::::::::
0<FRP>25

::
W

::::
m−2,

::::::
dashed:

::
25

:::
W

::::::::
m−2<FRP

:::
and

::::::
FRP>50

::
W

:::::
m−2,

:::::
dotted:

::::::
FRP<50

:::
W

::::
m−2.

::::::
Finally,

:::
we

:::::::
evaluate

:::
the

:::::::::::::::
aerosol–radiative

:::::
effect.

::::::
Figure

::
6
::::::::
illustrates

:::::
how

::::::::::::::
aerosol–radiation

::::::::::
interactions

::::::::
influence

:::::::
vertical

::::
wind

:::::::
velocity

::::
and

::::::::::
temperature

::::::
within

:::
the

::::::
plume

::::::::::::
approximately

:::
one

::::
day

::::
after

:::
the

::::::::::
simulation

::::
start.

::::::
Figure

:::
6a

:::::
shows

::::
that,

:::
in

::
the

::::
ARI

:::::::::::
experiment,

:::
the

:::::::::
probability

::
of

:::::::
stronger

::::::::
updrafts

:::
and

::::::::::
downdrafts

::::::::
increases,

::::
with

::
a

::::
more

::::::::::
pronounced

::::::::::::
enhancement

::
in

:::::::
updrafts.

::::
This

::::::::
suggests

::::
that,

::::::::
compared

:::
to

:::
the

::::
REF

::::::::::
experiment,

:::
the

::::::
plume

:::::::
exhibits

::::::
greater

:::::::::
dynamical

:::::::
activity,

:::
as

::::
well

::
as

:::
an

:::::
overall

::::::
lofting

::::::
effect

:::::
within

:::
the

:::::::
plume.

:::::
Figure

:::
6b

:::::::
presents

:::
the

:::::
mean

:::::::::::
temperature

::::::::
difference

::::::
within

:::
the

::::::
plume

::::::
region.

::::::
Below435

:::::
3 km,

::
an

::::::
overall

::::::
cooling

:::::
effect

::
is

::::::::
observed,

:::::::
whereas

:::::::
between

::
4

:::
and

::
12

::::
km,

::::
there

::
is

:
a
::::::::
warming

:::::
effect,

::::::::
followed

::
by

:::::::
cooling

:::::
above

::
13

::::
km.

::::
This

::::::
pattern

:::::::
indicates

::::::::
warming

::::::
within

:::
the

:::::
plume

::::
core

:::
and

:::::::
cooling

:::::::
beneath

::
it.

:::
The

:::::::::
horizontal

::::::::::
distribution

::
of

:::::::::
plume-top

::::::
heights

:::
will

:::
be

::::::::
discussed

:::::
later,

:::::::
however,

::
it
::
is

::::::::
important

::
to
::::
note

::::
that,

::::
due

::
to

::::::
plume

::::::
lofting,

:::
the

:::
top

::::::
heights

::::::::::
interacting

:::::::
strongly

::::
with

:::::::
radiation

::::
vary

:::::::::::
substantially:

:::::
from

:::::
about

:
2
:::
km

:::
up

::
to

::
16

::::
km.

::::::::
Warming

::::
near

::
the

::::::
plume

:::
top

::
is

::::::::
associated

:::::
with

::::::
cooling

::::::
below,

:::
and

::::
thus

:::::
spatial

:::::::::
averaging

::::::::::
significantly

:::::::
smooths

:::::
these

::::::
effects.

:
440

::::::
Overall,

:::::::
Figures

::::
4–6

:::::::
illustrate

::::
how

:::
the

::::::::::
ICON-ART

:::::::::::
meteorology

::
is

:::::::::
influenced

::
by

:::
the

::::::::::::
implemented

:::::::
changes

:::
and

::::
how

:::::
these

:::::::::::
modifications

::
in

:::
the

:::::::::::
atmospheric

:::::::
profiles,

:::::
which

:::::
serve

::
as

:::::
input

:::
for

:::
the

::::::
Freitas

::::::
model,

::::
can

:::::::::::
subsequently

:::::
affect

:::
the

:::::::::
calculated

:::::::
injection

::::::
height.
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Figure 6.
:::::

Impact
::
of

::::::::::::
aerosol-radiation

:::::::::
interaction

:
at
:::::

14:30
:::::
AEDT

:::
on

::::::::
December

:::
31,

::
a)

:::::::
histogram

::
of
::::::
vertical

::::
wind

::::::
speeds

:::::
within

:::
the

:::::
plume

:::
area,

::::
REF

::
in

::::
black

:::
and

::::
ARI

::
in

:::::
green,

::
b)

::::
mean

::::::
vertical

:::::
profile

::
of

:::::::::
temperature

::::::::
difference

::::::::
(ARI-REF)

:::::
within

:::
the

:::::
plume

::::
area.

3.2
::::::::::

Comparison
::
to

:::::::::::
observations

:::
The

:::::::::
following

::::::
section

::::::::
presents

:
a
:::::::::::

comparative
:::::::
analysis

:::
of

:::
the

::::::::
different

:::::
model

:::::::::::
experiments

:::::::
against

:::::::::::
observational

::::::::
datasets,445

::::::::
including

:::
the

::::::::
horizontal

::::
and

::::::
vertical

:::::::
aerosol

:::::::
transport

:::::::
patterns

:::::::
derived

::::
from

::::::
NASA

:::
3D

:::::
wind

::::::
retrials

::::
and

:::::::::
CALIPSO,

::::
and

:::
the

:::::::
resulting

:::::::
impacts

::
of

:::
the

::::::::::
ICON-ART

:::::::::::
modifications

:::
on

::::::::::
surface-level

::::::
PM2.5::::::::::::

concentrations
::
at

:::::::
selected

:::::::::
monitoring

:::::::
stations.

:

:::::
Figure

::
7

:::::
shows

:::
the

:::
3D

:::::
wind

:::::::
retrieval

::::::::
compared

::
to

:::
the

::::
five

::::::::::
experiments

::
on

:::::::::
December

::::
31st

:::::::
between

:::::
13:45

::::
and

:::::
15:25

::::::
AEDT

:::
and

:::
the

:::::::::
simulation

::
at
:

14:30 AEDT on the
:::::
AEDT.

::::
The

:::::::
retrieval

:::
in

::::::
Figure

::
7a

::::::
shows

::
a

::::::
feature

::::::
almost

::::::::
diagonal

:::::::
through

:::
the

::::::
domain

:::::
which

::::
will

:::
be

:::::
focus

::
of

:::
the

:::::::
analysis.

:::::::
Within

:::
that

:::::::
feature,

::::
there

::
is
::
a
:::::::::
convective

:::
cell

::::::
arising

::::::::
southeast

:::
of

:::
the

:::::::::
Australian450

::::::::
coastline,

::::
with

::::::::
maximum

::::::::
altitudes

::
of

::::
20.0

::::
km.

:::
The

:::::::
average

::::::
heights

::
of

:::
the

::::::
plume

:::
and

:::::
cloud

::::::
above

:
2
:::
km

:::
are

:::
8.3

::::
km.

::::
The

::::
REF

:::::::::
experiment

:::::::
exhibits

::::::
similar

::::::::
structural

:::::::
features

::
to
:::::

those
::::::::
observed

::
in

:::
the

::::::::
retrieval.

::
It

:::::::
captures

:::
the

:::::::
overlap

:::::::
between

:::
the

:::::::
aerosol

:::::
plume

::::
and

:::::
cloud

:::::
layers

::::::::::
(LWP+IWP

::
is
::::::

shown
::
in
::::

the
::::::::
following

::::::
section

::::
and

:::
the

::::::
plume

:::
top

::::::
height

:::
can

:::
be

:::::
found

::
in

:::::::::
Appendix

::::
B3).

:::::::
Within,

:::::
there

:::
are

:::
two

:::::::
distinct

:::::::
elevated

::::::
regions

:::
are

:::::::
evident:

:::
one

::::::
shifted

::::::
toward

:::
the

:::::::::
southeast,

:::::::::::
characterized

:::
by

::::
both

:::::
cloud

:::
and

::::::
aerosol

::::::::
presence,

::::
and

:::::::
another

::::::
toward

:::
the

:::::::::
northwest,

:::::::::
dominated

::::::::
primarily

:::
by

::::::::
aerosols.

:::
The

:::::::::
maximum

:::
top

::::::
height

::::::
within455

::
the

:::::
REF

:::::::::
experiment

:::::::
reaches

::::
13.0

:::
km

:::
and

:::
the

:::::::
average

::::::
height

:::::
above

::
2

:::
km

:::
are

:::
6.7

::::
km.

::::
This

:::::::
outlines

::
an

:::::::::::::
underestimation

:::
of

:::
the

:::
top

::::::
heights

::
in

:::::
REF.

:::
The

:::::::
MOIST

::::::::::
experiment

:::::::
exhibits

::::::
similar

::::::::::::
characteristics

::
to

:::
the

:::::
REF

::::::::::
experiment,

:::
but

::::
with

:::::
more

::::::::
extensive

:::::::
elevated

::::::
regions

::::::::::
downstream

:::
of

:::
the

::::::
plume,

:::::::
outlined

:::
by

::
an

:::::::
average

:::
top

::::::
height

::
of

:::
7.0

:::
km

::::
and

::
an

:::::::
increase

::
in
:::::::::

maximum
::::::
height

18



Figure 7.
::::::
Aerosol

:::
and

::::
cloud

:::
top

:::::
height

::
on

::::::::
December

::
31,

:::::
2019,

::
at

::::
14:30

:::::
AEDT.

::
a)
::::::::
Retrieved

::
by

::
the

::::::
NASA

::
3D

::::
wind

::::::::
algorithm.

:::
b-f)

::::::::
Simulated

:
in
:::

the
::::::::::
experiments:

::
b)

::::::
MOIST,

::
c)
:::::
ALL,

::
d)

::::
REF,

::
e)

::::
ARI,

:::
and

::
f)

:::::
HEAT.

::::
The

:::
dots

::
in

:::::
panels

:::
b-f

:::::::
represent

:::
the

:::
top

:::::
height

::
of

::::
either

:::
the

::::::
aerosol

:::::
plume

::
or
::
a
:::::
cloud.

::
of

::::
13.4

:::
km.

::::::
These

:::::
results

:::::::
suggest

:::
that

:::
the

:::::::
release

::
of

:::::::
moisture

:::::::::
influences

:::
the

:::::
initial

::::::
stages

::
of

:::::
plume

::::::::::::
development;

:::::::
however,

:::
its

:::::
overall

::::::
impact

:::
on

:::
the

:::::::
vertical

:::::::
structure

:::::::
remains

:::::::
limited.

:::
The

::::
ARI

::::::::::
experiment

::::
also

::::::
exhibits

::::::::::
similarities

::
to

:::
the

::::
REF

::::::::::
experiment460

:::
but

:::::::::::
demonstrates

::::::::
enhanced

::::::
plume

:::::::
elevation

:::::::::::
downstream,

::::
with

::
a
:::::::::
maximum

:::
top

:::::
height

:::
of

::::
13.0

:::
km

::::
and

::
an

:::::::
average

:::
top

::::::
height

::
of

:::
7.3

::::
km.

:::::
After

:::
the

::::::::
emisssion

:::
in

::::::::::
ICON-ART,

:::::::::::::::
aerosol–radiation

::::::::::
interactions

:::::::::
contribute

::
to

::
a

::::::
gradual

::::
rise

::
in

::::::
plume

:::::::
altitude

:::
over

:::::
time.

::::::::
Initially,

:::
the

:::
top

::::::
heights

:::
in

:::
the

::::
ARI

::::::::::
experiment

:::
are

:::::::::::::
underestimated;

::::::::
however,

::
as

::::
the

:::::
plume

:::::::
ascends

::::
due

::
to

:::::
these

::::::::::
interactions,

:::
the

:::
top

:::::::
heights

::::::::::
increasingly

:::::
align

::::
with

:::::::::::
observational

:::::
data,

:::::::
showing

:::::::::
improved

:::::::::
agreement

::::::::
compared

::
to

:::
the

:::::
REF

:::::::::
experiment.

:::
In

:::
the

:::::
HEAT

:::::::::::
experiment,

:
a
::::::::::
pronounced

::::::::
elevation

::
of

:::
the

::::::
plume

::
is

::::::::
observed

::::::::::
downstream

::
of

:::
the

::::::::
coastline,

:::::::
closely465

:::::::
matching

:::
the

::::::
spatial

::::::::::
distribution

:::
seen

::
in
:::
the

:::::::::::
observations.

::::
The

::::::::
maximum

:::
top

::::::
height

::::::
reaches

::::::::
14.4 km,

:::
with

:::
an

::::::
average

:::
top

::::::
height

::
of

:::
7.6

:::
km.

::::::::
Although

:::
an

:::::::::::::
underestimation

:::::::
remains,

:::
the

::::::
release

:::
of

::::::
sensible

::::
heat

::
in
:::
the

::::::::::
ICON-ART

::::::
model

::::::::
increases

:::
the

::::::::
buoyancy

:::
and

:::
and

::::::::
emission

:::::
initial

::::::::
emission

::::::
height,

::::::
which

::::::::
improves

:::
the

:::::::
transport

::::
and

:::
the

:::::
HEAT

:::::::::::
experiments

:::::
aligns

:::::::::
agreeably

::::
with

:::
the

:::::::::::
observations.

::
In

:::
the

::::
ALL

:::::::::::
experiment,

:
a
::::::::
dominant

::::::::
elevation

::
is
:::::::::
simulated

::::::::
southeast

::
of

:::
the

:::::::::
Australian

:::::
coast,

::::
with

::
a
:::::::::
maximum

::::::
altitude

::
of

:::::
18.0

:::
km

:::
and

:::
an

:::::::
average

:::
top

::::::
height

::
of

:::
8.6

::::
km,

:::::::
aligning

:::::
even

:::::
better

::::
with

:::
the

:::::::::::
observations.

::::
The

:::::::::
maximum

::::::
plume470

:::::
height

::
is

::::
still

:::::::::::::
underestimated;

::::::::
however,

:::
the

::::::::
retrievals

:::::
reach

::::::::
altitudes

::
of

:::
up

::
to

:::::
20km

:::
in

::::::::
localized

:::::::
regions.

::
In

:::::::
contrast

::
to

::::
this

:::::::::::::
underestimation,

:::
the

:::::::
average

:::
top

::::::
height

:::::::
exceeds

:::
the

:::::::
observed

:::::
value

:::
by

::::::
0.5km.

::::::::::::
Nevertheless,

:::
the

::::::
initially

::::::::
increased

:::::::::
buoyancy

:::
and

:::::::
through

::::
heat

:::
and

::::::::
moisture

:::::::
release,

:::::::::
combined

::::
with

::::::
lofting

:::::::
induced

:::
by

::::::::::::::
aerosol–radiation

::::::::::
interactions

:::
in

:::
the

::::
ALL

::::::
setup,

::::::::
effectively

::::::::::
reproduces

:::
the

:::::::
observed

::::::::
patterns.
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Figure 8.
::::::::
CALIPSO

::::::::
attenuated

::::::::
backscatter

::
at

:::
532

:::
nm

:::
and

:::::::
simulated

::::::::
backscatter

::
at
:::
532

:::
nm

::
on

::::::
January

::
1,

::::
2020,

::
at

:::::
13:30

:::::
AEDT.

::
a)

::::::::
CALIPSO

:::
data.

::::
b-f)

:::::::
Simulated

::
in
:::
the

::::::::::
experiments:

::
b)

::::::
MOIST,

::
c)

:::::
ALL,

:
d)
:::::

REF,
:
e)
:::::

ARI,
:::
and

:
f)
::::::
HEAT.

:::
The

::::
light

:::::
yellow

:::
line

:::::::
displays

::
the

:::::::::
0.01×10−3

::
g

:::
m−3

:::::::::
LWP+IWP

::::::::
isosurface

:::
The

:::::::::
CALIPSO

:::::::::
attenuated

::::::::::
backscatter

::
at

::::
532

:::
nm

::
is

::::::::
compared

:::
to

:::
the

::::::::
simulated

::::::::::
backscatter

:::::
from

:::
the

::::::::::
experiments

:::::::
(Figure475

::
8),

:::::
along

::
a

::::::
satellite

::::::::
overpass

::::
near

::::
New

:::::::
Zealand

:::
on

:::::::
January

::
1,

:::::
2020,

::
at

:::
13:30 December

::::::
AEDT,

:::
see

::::::
Figure

::
3.

::::
The

:::::::::
CALIPSO

::::::::::
cross-section

::::::
reveals

::::::
signal

:::::::
centered

::::::
around

::
15

:::
km

:::::::
altitude,

:::::::::::
accompanied

:::
by

:
a
::::::
second

::::::
feature

::::
near

:
5
:::
km

::
in

:::
the

::::::::
southern

::::::
portion

::
of

:::
the

:::::::
transect,

::::
both

::::::::
classified

::
as

::
a

::::::
mixture

:::
of

:::::
cloud

:::
and

:::::::
aerosol.

:::::::::::
Additionally,

:
a
::::::
signal

::
is

:::::
visible

::::::
above

::
10

:::
km

::
in
:::
the

::::::::
northern

:::
half

::
of

:::
the

::::::::
overpass,

::::::::
classified

:::
as

:::::
cloud.

::::
The

::::::::::
near-surface

:::::
signal

::
is
::::::::
primarily

::::::::
classified

::
as

:::::::
marine

::::::
aerosol

::::
with

::::::::
localized

:::::
cloud

:::::::::::
contributions.

::::
Our

:::::::::
simulations

::::
only

:::::::
account

::
for

:::::::
wildfire

::::::::
aerosols;

::::::::
therefore,

::
the

:::::::
absence

::
of

::::::::::
background

::::::
signals

:::
and

:::
the

::::::::
maritime480

::::::
aerosol

::::
layer

:::
is

::::::::
expected.

::::
The

::::
lack

::
of

::::::
clouds

:::
can

:::
be

::::::::
explained

:::
by

:::
the

::::::::
omission

:::
of

::::::::::::
aerosol–cloud

::::::::::
interactions

::
in

:::
the

::::::
model

:::::::::::
configuration

::::
close

::
to
:::
the

:::::::
surface.

:::::
Other

::::::::::::
discrepancies

:::
also

::::
fall

:::
into

:::
the

::::::::
expected

:::::
range.

:::
In

:::
the

::::
REF

:::
and

:::::::
MOIST

:::::::::::
experiments,

::
no

::::::
aerosol

::::::::::
backscatter

::
is

::::::::
simulated.

:::::::::
However,

:::
the

::::::::
simulated

::::::::
01×10−3

::
g

::::
m−3

:::::::::
LWP+IWP

:::::::::
isosurface

::::::
around

::
10

:::
km

::::::
aligns

::::
with

::
the

::::::::
observed

:::::
cloud

:::::::::
structures,

:::
and

:::::
some

::::::::
low-level

::::::
clouds

::
are

::::
also

:::::::::
simulated.

::::
The

:::::
HEAT

::::::::::
experiment

:::::::
captures

:::
the

:::::
cloud

::::::
signals

:::
and

:::::
shows

::
a
:::::
small

::::::
aerosol

:::::
signal

::
at
:::
the

::::::::
southern

:::::
border

:::
of

:::
the

:::::
shown

::::::::
overpass,

:::::::::
indicating

:::
that

:::
the

:::::::
initially

::::::::
increased

::::::::
injection485

:::::
height

::::::::
improves

:::::::
aerosol

::::::::
transport

::::::::
compared

:::
to

:::::::::::
observations.

::::::::
However,

::::
the

:::::
signal

::
is
:::::::::::::
underestimated

::
in
:::::

size,
::::::
which

:::
can

:::
be

::::::::
attributed

::
to

:
a
:::::::
general

::::::::::::::
underestimation,

::
or

::
as

:::
the

:::::::
overpass

::
is
:::::
along

:::
the

:::::
edge

::
of

:::
the

:::::
plume

::::
(see

:::::::
Figures

:
3
::::
and

::
7)

:::
the

:::::::::
simulation

::::::
slightly

::::::::::
mismatches

:::
the

::::::::
transport.

::::
The

::::
ARI

::::::::::
experiment

::::::::::
successfully

::::::::::
reproduces

:::
the

:::::::
observed

:::::
cloud

:::::::
signals.

:::::::::::
Additionally,

:::
an

::::::
aerosol

:::::::::
backscatter

:::::
signal

:::::::
around

:
5
:::
km

::
is

::::::
present

::
at

:::
the

:::::::
southern

::::
edge

:::
of

:::
the

:::::::
overpass,

:::::::::
consistent

::::
with

:::::::::
CALIPSO

:::::::::::
observations.

::::
This

:::::::
suggests

:::
that

::
a
::::::
lofting

:::::::::
mechanism

::
is

::::::::
necessary

::::
and

::::
more

::::::::
effective

::::
than

::
an

::::::::
increased

::::::::
emission

:::::
height

::
to

::::::::
transport

:::::::
aerosols490
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Figure 9.
::::::::
CALIPSO

::::::::
attenuated

::::::::
backscatter

::
at

:::
532

:::
nm

:::
and

:::::::
simulated

::::::::
backscatter

::
at
:::
532

:::
nm

::
on

::::::
January

::
2,

::::
2020,

::
at

:::::
02:30

:::::
AEDT.

::
a)

::::::::
CALIPSO

:::
data.

::::
b-f)

:::::::
Simulated

::
in
:::
the

::::::::::
experiments:

::
b)

::::::
MOIST,

::
c)

:::::
ALL,

:
d)
:::::

REF,
:
e)
:::::

ARI,
:::
and

:
f)
::::::
HEAT.

:::
The

::::
light

:::::
yellow

:::
line

:::::::
displays

::
the

:::::::::
0.01×10−3

::
g

:::
m−3

:::::::::
LWP+IWP

::::::::
isosurface

::
to

:::
the

:::::::
observed

::::::::
location.

::::
The

::::
ALL

::::::::::
experiment

:::::::
captures

:::
the

:::::
cloud

:::::
layer

::
at

:::
10

:::
km

:::
but

:::::
lacks

::::::::::
near-surface

:::::
cloud

::::::::
features.

::::
The

::::::
aerosol

::::::::::
backscatter

:::::::
matches

:::
the

:::::::::::
observations

:::::
well,

::::::::::
reproducing

:::::
both

:::
the

:::::
signal

:::
at

:
5
::::

km
:::
and

::::
the

:::::::
elevated

:::::
layer

::
at

:::
15

::::
km.

::::::
Overall,

::::
the

:::::::
findings

::::::::
highlight

:::
the

::::::
limited

:::::::
impact

::
of

::::::::::
fire-induced

::::::::
moisture

:::
on

::::::
aerosol

::::::::
transport

::
in
::::

the
:::::::
MOIST

::::::::::
experiment.

:::
The

:::::::
absence

:::
of

:
a
::::::
signal

::
in

:::
the

::::::
HEAT

::::::::::
experiment

:::::::
suggests

::::
that,

:::::::
despite

::
a

:::::
higher

::::::
initial

::::::::
emission

::::::
profile,

:::::::
aerosol

::::::
lofting

::
is

:::::::
essential

:::
for

::::::::::
transporting

::::::::
particles

:::
into

::::
the

::::::
UTLS.

:::::::::
Moreover,

:::
the

:::::
signal

::::::
around

::
5
:::
km

:::::::::::
underscores

:::
the

:::::::::
importance

:::
of

::::::
lofting495

::::::::
processes

::
at

:::::
lower

::::::::
altitudes.

:::
The

::::::::::
comparison

:::
of

::::
ALL

::::
and

::::
ARI

:::::::
outlines

::
an

::::::::
increased

::::::
lofting

:::::
effect

:::
of

:::
for

:::
and

:::::::
initially

::::::
higher

:::::::
injection

::::::
height.

::
It
::::::
should

:::
be

:::::
noted

:::
that

:::
no

::::::
clouds

:::
are

::::::::
simulated

::::::
within

:::
the

:::::::
regions

:::::::::
containing

::::::
aerosol

:::
in

:::
the

:::::
model

:::::::
output.

:::::
Given

::::::
reports

::
of

::::::::
potential

:::::::::::::::
misclassifications

::
of

::::::
dense

::::::
aerosol

:::::::
plumes

::
in

::::
high

::::::::
altitudes

::::::::::::::
(Liu et al., 2019),

::
it
:::::::
remains

:::::::
unclear

::::::
whether

::::
this

::::::::::
discrepancy

:::::
arises

:::::
from

:::::::::
limitations

::
in

:::
the

:::::::::
simulation

:::
(e.

::
g.

:::::::
missing

:::::::::::
aerosol-clout

:::::::::::
interactions)

::
or

:::::
from

:::::
flaws

::
in

::
the

::::::::::::
observational

:::::::::::
classification.

::::
The

:::::::
absence

::
of

::::::::
low-level

::::::
clouds

:::
in

:::
the

::::
ALL

::::::::::
experiment

::::::
further

::::::::::
underscores

:::
the

::::::::::
semi-direct500

::::::
aerosol

:::::
effect,

::::::
where

::::::::::
stabilization

:::::::
through

::::::::::::::
aerosols-radiation

::::::::::
interaction

:::::::::
suppresses

:::::
cloud

::::::::
formation.

:

:::::
Figure

::
9

:::::::
presents

:::
the

::::::::
CALIPSO

::::
532

:::
nm

::::::::
attenuated

::::::::::
backscatter

:::::::::::
cross-section

::::
south

:::
of

::
the

:::::::::
Australian

:::::
coast

::
on

::
2

::::::
January

:::::
2020

:
at
::::::::::::
approximately

:::::
02:30

:::::::
AEDT.

:::
The

:::::::
satellite

::::
data

::::::
reveals

:::::::::
backscatter

:::::::
between

::
2 and the

:
5
::::
km,

::::
with

::::::::
additional

:::::::
features

::
at

:::
10

:::
km

:
(31December

:::

◦S),
::
8

:::
km

::::::
(34◦S),

:::
and

:::
12

:::
km

::::::::
(between

::::
43◦S

::::
and

::::::
38◦S),

::
all

::::::::
classified

::
as

::::::
clouds

::
by

:::
the

:::::::::
CALIPSO

:::::::::
algorithm.

::::
The

:::::
model

::::::::::
simulations

:::
also

:::::::::
reproduce

:::::
cloud

::::::::
structures

::
in

:::::
these

:::::::
regions,

::::::::
including

::::
those

:::::
south

::
of

:::::
43◦S.

::::
The

::::
REF

:::::::::
experiment

::::::
aligns505

:::
well

:::::
with

:::
the

:::::::::::
observations,

::::::::
capturing

:::
the

::::::
signals

::::::
below

::
2

:::
km

:::::
north

::
of

:::::
43◦S.

::::
The

:::::
signal

:::::
north

::
of

:::::
38◦S

:::::::
matches

::::
well

:::
in

::::
both
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:::::
height

::::
and

:::::::::
magnitude.

::::
The

:::::::::
LWP+IWP

:::::::::
isosurface

::::::::
matches,

:::::::
although

::::::
shifted

:::
to

:::
the

:::::
south

::::
with

:::
the

:::::::
detected

:::::
cloud

::::::
signal.

::::
The

::::
other

::::::::::
experiments

:::::
show

::::::
similar

:::::
results

::
to
::::
REF

::::
and

:::::::
therefore

::::
also

::::
align

::::
well

::::
with

:::
the

:::::::::::
observations.

::::
This

:::::::::
agreement

:::::::
indicates

::::
that

::
the

:::::::
baseline

::::::
model

:::::::::::
configuration

::
is

::::::::
sufficient

::
to

::::::::
reproduce

:::
the

::::::::
observed

:::::
plume

::::::::
structure

:::::
under

:::::
these

:::::::::
conditions.

::::
The

::::::::
similarity

:::::::
between

::::
REF

:::
and

::::
the

::::
other

:::::::::::
experiments

:::::::
(MOIST,

:::::
ARI,

::::::
HEAT,

::::
and

:::::
ALL)

:::::::
suggests

::::
that

::::::::::
fire-induced

:::::::::::::
meteorological

:::::::
changes510

::::
have

:
a
::::::
limited

::::::::
influence

:::
on

:::::
plume

::::::
height

::
for

::::
this

::::::::
overpass.

::::::::
Therefore,

:::
the

::::::::::
differences

:::::::
between

:::
the

::::
two

:::::::::
CALIPSO

:::::::::::
observations

::::
need

::
to
:::

be
:::::::::
discussed.

::::::
Firstly,

:::
the

::::
age

::
of

:::
the

::::::
plume

::
is

:::::::
different.

:::
In

::::::
Figure

::
9,

:::
the

::::::
plume

::
is

:::::
close

::
to

:::
the

::::::
source

:::
on

:::::::
January

:::
1st.

::
It
::::
has

::::
been

::::::::::
established

:::
that

:::
on

::::
this

:::
day

:::
the

:::::
FRP

::
is

:::::::
smallest,

::::::::
resulting

::
in

:::::
lower

::::::::
moisture,

:::
heat

:::::::
release,

:::
and

:::::::
aerosol

::::::::
emission.

::::::::
Secondly,

:::
the

:::::::
overpass

::::::
occurs

::::::
during

:::
the

:::::
night,

:::::
when

::
the

::::::::::
atmosphere

::
is
:::::
more

::::::
stable.

::::
This

::::::::
generally

::::::::
decreases

:::::::
vertical

::::::::
transport

::
in

::
all

:::::::::::
experiments.

::::
The

::::::
diurnal

:::::
cycle

:::::::
reduces

::::
heat515

:::
and

:::::::
moisture

::::::
during

:::
the

:::::
night

::::::
further,

:::
and

:::
the

::::::::::::::
aerosol-radiative

::::::
effects

:::
are

::::::
limited

::
to

::::::::
terrestrial

::::::::
radiation

:::
and

::::::
remain

::::::
small.

:::
All

::::
these

::::::
factors

::::::
reduce

:::
the

::::::
impact

::
of

:::
the

:::::::::::
implemented

:::::::
features,

:::::::
leading

::
to

::::::
similar

::::::
results.

::::::::
However,

:::
the

:::::
good

:::::::::
agreement

::::
with

:::
the

::::::::::
observations

::::
and

:::
the

::::::::
significant

::::::::
decrease

::
in

:::
fire

::::
and

:::::::
moisture

::::::
release

:::::::
indicate

::::
that

:::
for

:::
less

:::::::
intense

::::
fires,

:::
the

:::::::::
plume-rise

::::::
model

:::::::
performs

::::
well

:::::::
without

:::
the

::::::::
additional

::::::::::::::
implementations.

:::::::::
Therefore,

::
it

:::
can

::
be

:::::::::
concluded

::::
that

::
the

:::::
fire’s

::::::
impact

::
on

:::
the

:::::::::::
meteorology

::
in

:::
the

::::
host

::::::
model

:::
can

::
be

:::::::::
neglected

::
for

:::::
small

::
to

::::::::
moderate

:::::
fires.

::::::::
However,

:::
for

:::::::
extreme

::::::
events,

::::
these

::::::
effects

:::
are

::::::
crucial.

:
520

::
So

:::
far

:::
the

:::::
focus

:::
has

::::
been

:::
on

:::
the

::::::
plume

::::::::::
development

::::
and

:::::
height

:::
but

:::
we

::::::
further

:::::
want

::
to

:::::::
analyze

::::
how

:::
the

:::::::
different

::::::::
emission

::::::
profiles

::::::
shown

::
in

::::::
Figure

::
12

::::::
impact

:::
the

:::::::::::
surface-level

::
air

:::::::
quality.

::::::
Figure

::
10

::::::::
compares

:::::::::
simulated

::::::
wildfire

:::::::
aerosol

::::::::::::
concentrations

:::::
below

:::
2.5

:::
µm

::
in
::::::::

diameter
::::
with

::::::::
observed

::::::
PM2.5

::::::::::::
measurements

::
at

::::::
several

::::::::::
monitoring

:::::::
stations

::::::::
(locations

::::::
shown

::
in

::::::
Figure

:::
3).

:
It
::
is
:::::::::
important

::
to

::::
note

::::
that,

:::
the

::::::::::::
measurements

::::::
reflect

::::
total

:::::::::
particulate

::::::
matter,

::::::::
including

:::::::::::
non-wildfire

:::::::
sources

:::
not

::::::::::
represented

::
in

:::
the

::::::
model.

:::::
These

::::::
factors

::::::::
introduce

::::::::
inherent

:::::::::::
uncertainties

::
in

:::
the

::::::::::
comparison.

::::::::
However

:::
the

:::::
close

:::::::::
proximity

::
of

:::
the

:::::::
stations525

::
to

:::
fire

:::::
areas

::::::
(Figure

:::
3)

:::::::
suggests

::::
that

:::::::
wildfire

:::::::
aerosols

::::
are

:::
the

::::::::
dominant

:::::::
source.

::
At

:::::::
Station

:::::::
Albury,

::
all

::::::::::
simulations

::::
tend

:::
to

:::::::::::
underestimate

::::::
PM2.5

:::::::::::::
concentrations;

::::::::
however,

:::
the

::::::::
observed

::::
peak

:::
on

:::
31

::::::
January

::
is
::::::::::

reasonably
::::
well

::::::::
captured,

::::::
except

:::
for

:::
the

:::::
HEAT

::::::::::
experiment.

:::
At

:::::::
Stations

::::::::
Bringelly

::::
and

::::::::::::
Campbelltown

:::::
West,

::::::
which

:::
are

::::::
located

::::
near

::::
the

:::::::
emission

::::::
source

::::
and

::
in

:::::
close

::::::::
proximity

::
to

::::
one

:::::::
another,

:::
the

:::::
REF

:::
and

:::::::
MOIST

::::
and

::::::
HEAT

::::::::::
experiments

:::::::::::
overestimate

::::::::
observed

:::::::::::::
concentrations.

::
In

::::::::
contrast,

::
the

:::::
ARI,

::::
and

::::
ALL

:::::::::::
experiments

::::
show

:::::::::
improved

:::::::::
agreement

::::
with

:::::::::::::
measurements,

::::::::
indicating

::::
that

:::
the

::::::::
inclusion

::
of

:::::::::::
fire-induced530

::::::::
processes

:::::
helps

::::::::
constrain

::::::::::
near-source

:::::::::::::
concentrations.

:::
At

::::::
Station

::::::::::
Newcastle,

::::::::::::::
inter-experiment

:::::::::
variability

::
is
::::::::

minimal,
:::::

with

::::::::::
consistently

:::::
lower

::::::::::::
concentrations

::
in

:::
the

::::::
HEAT,

:::::
ARI,

:::
and

:::::
ALL

::::::::::
experiments.

:::::::
Overall,

::::
the

:::::::::
simulations

:::::::::
reproduce

:::
the

::::::::
observed

:::::::::::
concentration

:::::::
patterns

:::::::::
reasonably

::::
well,

:::::::
thereby

::::::::
validating

:::
our

:::::::::::
assumptions

::::::::
regarding

:::
the

::::::
aerosol

:::::::
emission

:::::
flux,

:::::
which

:::::::
consists

::
of

:::
BC

:::
and

::::
OC,

:::::
using

:
a
:::::::::
correction

:::::
factor

::
of

:::
3.4.

::::::::
However,

:::::::::::
point-to-point

:::::::::::
comparisons

::::::
remain

:::::::
sensitive

::
to

:::::
small

:::::::::::
discrepancies

::
in

::::::::
simulated

:::::
plume

::::::
height

:::
and

:::::::
transport

:::::::::
pathways,535

:::::
which

:::
can

:::::
lead

::
to

:::::::::
substantial

:::::
local

:::::::::
deviations.

:::::
This

::
is

::::::::::
particularly

::::::
evident

:::
at

:::::::
Stations

::::::::
Bringelly

::::
and

::::::::::::
Campbelltown

::::::
West,

:::::
where,

:::::::
despite

::::
their

::::
close

::::::
spatial

::::::::
proximity

:::::::::::::
(approximately

:::
20

::::
km),

:::
the

:::::::
temporal

::::::::
evolution

:::
of

::::::::::::
concentrations

:::::
differs

:::::::::
markedly,

::::::::::
underscoring

:::
the

::::::::::
complexity

::
of

::::::::::
near-source

::::::
plume

::::::::
dynamics

::
In

:::::::::
summary,

:::
the

::::::
impact

::
of

:::::::
varying

:::::::::::
experimental

::::::::::::
configurations

::::::
appears

::
to

::
be

:::::::::
non-linear.

::
In

:::::
some

:::::
cases,

::::::::::::
enhancements

::::
such

::
as

::::
heat

:::::
release

::::
lead

::
to

:
a
::::::::
reduction

::
in

::::::::::
near-surface

:::::::
aerosol

::::::::::::
concentrations,

:::::::
whereas

::
in

::::::
others,

::::::::::::
concentrations

::::::::
increase.

::::::::
Notably,

::
at

:::
the

::::::::
Bringelly

::::
and

::::::::::::
Campbelltown

:::::
West

:::::::
stations,

:::
the

::::::::::::::
overestimations540
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Figure 10.
::::::::

Comparison
::

of
:::::::

3-hourly
:::::
mean

:::::
PM2.5

:::
air

:::::
quality

:::::::::::
measurements

:::
and

::::::::
simulated

:::::::::
ICON-ART

::::::
aerosol

::
at

:::
four

:::::::
different

::::::::
locations,

:::::
shown

::
in

::::
figure

::
3.

::::::::::
Observations

:::
are

:::::
shown

:
in
::::

gray,
:::

the
::::::::
simulation

::::
REF

::
in

:::::
black,

::::::
MOIST

::
in

::::
blue,

:::::
HEAT

:
in
::::
red,

:::
ARI

::
in

::::
light

:::::
green,

:::
and

::::
ALL

:
in
::::::
purple.

:::::::
observed

::
in

:::
the

:::::
REF,

:::::::
MOIST,

::::
and

:::::
HEAT

:::::::::::
experiments

:::
are

::::::::
mitigated

::
in

:::
the

::::
ARI

:::
and

:::::
ALL

::::::
setups,

::::::::::
highlighting

:::
the

::::::::::
importance

::
of

:::::
lofting

:::
for

:::::::
accurate

::::::::::
near-source

:::
air

::::::
quality

::::::::::::
representation.

:

3.3
::::::

Impact
::
of

:::::::::::
Fire-induced

:::::::::::
atmosphere

:::::::
changes

:::
on

::::::
Plume

:::
and

:::::::
Clouds

In the subsequent analysis , the impact of fire-atmosphere interactions on plume height and cloud development is examined. The

results are presented for the simulated time given as AEDT (Australian Eastern Daylight Time), which corresponds to UTC+11545

hours.
:::
The

::::::::::
comparison

::::
with

:::::::::::
observations

:::::::::
established,

::::
that

:::::::::
accounting

:::
for

::::
heat

:::
and

:::::::
moisture

:::::::
release,

::
as

::::
well

::
as

::::::::::::::
aerosol-radiation

:::::::::
interaction

::
in

::::::::::
ICON-ART

:::::::
improves

:::
the

::::::::::
simulation.

:::
The

::::::::
different

::::::::::
mechanisms

:::
are

::::::::
analyzed

::
in

:::
the

::::::::
following.

:
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Figure 11.
:::::::
Temporal

:::::::
evolution

::
of
::::
mass

:::::::
weighted

:::::
height

::
of
:::
the

:::::
plume

:::::
during

:::
the

:::
first

:::
two

::::::::
simulation

:::::
days.

:::
REF

::
is
::
in

:::::
black,

::::::
MOIST

::
in

::::
blue,

:::::
HEAT

:
in
::::
red,

:::
ARI

::
in

:::::
green,

:::
and

::::
ALL

::
in

:::::
purple.

::::
The

:::
gray

:::::
dotted

::::
lines

::::::
indicate

:::::
14:30

:::::
AEDT

::
on

:::
the

::
30

::::::::
December

:::
and

:::
the

::
31

::::::::
December.

Figure 11 illustrates the plume mass-weighted height for the performed experiments. In the REF experiment, the mass-weighted

height increases to a peak at 3.8 km after 4 hours, and declines by 1.2 km within the next 48 hours. Since there is no effect

of the fire on the background meteorology, evolution
::
the

::::::::::
ICON-ART

:::::::::::::
meteorological

:::::
input

:::::::
remains

::::::::
unaffected

:::
by

:::
the

::::
fire,

:::
the550

:::::::
evolution

:::
of

:::
the

:::::::::
calculated

::::::::
injection

::::::
heights

:
during the first day is caused by the destabilization of the atmosphere, which

is used to calculate the emission heightin the plume rise mode and the
:::::
driven

:::
by

:::
the

:::::::
typical

::::::
diurnal

:::::
cycle

::
of

:::::::::::
atmospheric

:::::::
stability,

:::::
which

::::::::
decreases

:::::::::
throughout

:::
the

:::
day

::::
due

::
to

::::::::
increased

::::
solar

::::::::
radiation.

::::
This

::::::::::::
destabilization

::
is

:::::::
reflected

::
in

:::
the

::::::::::
ICON-ART

::::::::::
atmospheric

::::::
profiles

::::
used

:::
by

:::
the

::::::::
plume-rise

::::::
model

::
to

:::::::
calculate

::::::::
emission

::::::
height,

:::::::
together

::::
with

:::
the diurnal cycle of the fire within

:::
fire

:::::::
intensity

::::::::
assumed

::
in

:
the plume-rise model. The

::::::::::
combination

:::
of increasing fire intensity and instability lift the emitted555

aerosol masses
::::::::
decreasing

:::::::::::
atmospheric

::::::
stability

::::::
during

:::
the

:::
day

:::::
leads

::
to

:::::
higher

::::::
plume

::::::
heights. As previously explained, FRP and

consequently the emission strength decreases over the time span of the simulation. Therefore, the mass-weighted plume height

is primarily influenced by emissions occurring during the first day of the simulation. The decline observed after the peak can

be attributed to sedimentation processes and emissions occurring at lower altitudes. The MOIST experiment follows a similar

evolution as REF, but with a lower peak at 3.5 km after 3.5 hours. The impact of water vapor release is greatest on the first560

day, when emissions are strongest, and has no significant impact on the overall mass weighted height development thereafter.

In contrast, the HEAT experiment shows substantially higher values, peaking at 6.3 km after 4.5 hours, and minimum values

of 4.0 km after two days. This can be explained by two main factors. First, the sensible heat release by the fire destabilizes the

atmosphere and creates buoyancy, which lifts the plume
:::::
within

::::::::::
ICON-ART higher and second, this less stable atmosphere

::
in

:::::::::
ICON-ART

:
is now used by the plume-rise model to calculate the injection height, thereby increasing the height. The effect is565

strongest on the first day, as it is proportional to the FRP. Constant emissions at lower levels and sedimentation decrease the

mass-weighted height thereafter. The ARI experiment starts with the lowest mass-weighted height. This can be explained by

the absorption of solar radiation by the dense aerosol plume above the fire area. This leads to a stabilization of the atmosphere

::
in

:::::::::
ICON-ART

:
over the fire area, which reduces the calculated injection height by the plume-rise model. The maximum height
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Figure 12. Mean vertical profile within the fire area at 14:30 AEDT on December 30. a) Aerosol concentration. b) LWC (solid line) and IWC

(dashed line). The profiles are color-coded as follows: REF (black), MOIST (blue), HEAT (red), ARI (light green), and ALL (purple).

of 4.3 km is observed on December 31st at 20:30 AEDT. The scattering and mainly absorption of solar radiation can warm the570

plume
:::
top and create buoyancy

:::::
within

::::::::::
ICON-ART. The ALL experiment exhibits the most pronounced plume development, the

top height of 7.1 km is reached after 5 hours, followed by a decrease during night and an increase after noon. This shows that

destabilization due to the sensible heat release counteracts the stabilizing effects of additional cloud formation and aerosol-

radiation interaction
::
in

::::::::::
ICON-ART. It appears that the lofting effect in comparison to ARI is increased. ,

::::::::
outlining

:::::
again

::
a

:::::::::
correlation

::
of

:::
the

::::::
lofting

:::::
effect

::::
with

:::
the

::::::::
injection

::::::
height.

::::
The

::::::
aerosol

::::::::
radiative

:::::
effect

::
is
:::::::::
modulated

:::
by

::::
both

:::::
cloud

:::::
cover

::::
and575

::
the

:::::::
relative

:::::::::
positioning

::
of
:::
the

:::::::
aerosol

::::::
plume.

:::
The

:::::
initial

:::::::
lofting,

:::::
driven

:::
by

::::::::::
fire-induced

::::
heat

:::
and

:::::::
moisture

:::::::
release,

::::::::
increases

:::
the

:::
area

::
of
:::
the

::::::
plume

:::::::
exposed

::
to

::::
solar

::::::::
radiation.

::::
This

:::::::::::
enhancement

::
is
::::::::
attributed

::
to

:::
the

:::::::
elevated

:::::
initial

::::::
plume

::::::
height,

::
its

::::::::::
positioning

:::::
above

:::::::
optically

:::::
thick

::::::
clouds,

:::
and

::
a
::::::
broader

:::::::::
horizontal

::::::::::
distribution.

:

To explain the initial difference in mass-weighted height Figure 12 illustrates the mean vertical profile of the mean aerosol

concentration over the fire area in a) and LWC and IWC over fire area in b), on December 30 at 15:00, two hours after peak580

fire intensity in the simulation. In Figure 12a, the REF experiment shows two peaks in the aerosol concentration: the maximum

at 4.7 km and a local peak at 0.7 km. The mean LWC and IWC in Figure 12b shows, that in the REF experiment clouds form

between 3.5 km and 14.4 km, with a peak condensate at 5.4 km. This indicates some convection, at least in parts of the fire

area, which can further be connected to the passing cold front and the thereby caused instability. The aerosol concentration in
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the MOIST experiment also shows two peaks, however the upper peak is reduced by 31.6 %, while the lower peak increases585

by 39.3 %. IWC and LWC also show a similar distribution as REF. However, the peak of LWC increases by 30 %. It is shown

that additional water vapor leads to more cloud formation in areas of preexisting clouds. The additional energy from the latent

heat release, which is hypothesized to lift the aerosols higher, is counteracted by the stabilization of the atmosphere due to

cloud radiative effects. This more stable atmosphere is now used by the plume-rise model to calculate the emission height.

The aerosol concentration in the ARI experiment again shows two peaks. In comparison to REF and MOIST, the maximum590

is closer to the surface at 0.2 km height with a mean concentration more than twice as high as the REF maximum. Further, in

the ARI experiment, there is an overall decrease in LWC, with a reduced mean of 50 % at 5.4 km. This reduction indicates a

stabilization of the atmosphere due to aerosol-radiation interaction, and results in most of the aerosol plume remaining close to

the surface. The IWC remains comparable to the REF experiment. The aerosol distribution in the HEAT experiment exhibits a

markedly different vertical profile, characterized by a more stratiform structure with emissions reaching up to 13.9 km. Notably,595

two smaller peaks at 4.7 km and 8.5 km are observed, with a maximum concentration of 121.5 µg m−3. Additionally, cloud

formation increases. The LWC rises to levels comparable to those in the MOIST experiment. A local maximum at 12.1 km

further indicates enhanced cloud ice formation, suggesting that clouds can develop even in the absence of additional moisture.

In the ALL experiment, the vertical aerosol distribution shows emissions extending up to 14.8 km. The concentration peaks at

5.0 km; however, due to higher overall emissions
:::
the

:::::
more

:::::::
uniform

:::::
profile, this peak is reduced by 67% compared to the REF600

experiment. Near-surface concentrations are only slightly reduced by up to 19% relative to REF. This highlights, on one hand,

the increased buoyancy resulting from heat release and enhanced convection, and on the other hand, the stabilizing effects

of aerosol– and cloud–radiation interactions. The ALL experiment integrates all contributing factors, producing the strongest

cloud response. Although the peak at 5.5 km increases only slightly, the LWC shows a consistent rise
:
to

:
up to 9.9 km. The

IWC exhibits a distinct local maximum at 10.8 km, with peak concentrations increasing by a factor of 5.7 compared to REF.605

It is important to note that the presented profiles represent spatial averages; thus, the stabilizing effects are more pronounced

in regions with smaller fires, while increased convective cloud formation is observed in areas with higher emissions and more

intense fires. Furthermore, a considerable amount of aerosols is emitted above the cloud peak concentration level in the ALL

experiment, whereas in the ARI experiment, the majority of aerosols remain below the cloud layer. This suggests that the

lofting effect in the ALL experiment may be stronger due to less absorption and scattering of solar radiation by clouds above610

the aerosol layer, allowing more energy to reach and heat the aerosol layer, thereby enhancing vertical transport.

Additionally, the influence of the different experimental setups on surface pollutant concentrations is noteworthy, given the sub-

stantial impact of wildfire emissions on air quality. The results suggest that the stabilizing effects of aerosol– and cloud–radiation

interactions lead to elevated surface concentrations compared to scenarios dominated by heat release, indicating that the former

are associated with more uniform emission profiles.
:::::::::
However,

:::
this

:::
was

:::::
only

:::::::
observed

::
at

::::::
station

::::::
Albury.615

In the next step, the impact of the different experiments on atmospheric stability
:
in

::::::::::
ICON-ART

:
is examined. Table 2 indi-

cates that all experiments exhibit atmospheric instability within the fire areas, with CAPE values suggesting the potential for

deep convection. However, the interplay of fire-induced effects including moisture release, heat fluxes, and aerosol–radiation

interactions leads to notable variations in both CIN and CAPE. These variations reflect the complex feedback mechanisms
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Table 2. Mean CIN and CAPE in the fire areas for the REF, MOIST, HEAT, ARI, and ALL experiments on December 30, 15:00 AEDT. The

values are given J kg−1.

CIN [J kg−1] CAPE [J kg−1]

REF 14 3653

MOIST 18 3577

HEAT 0 3781

ARI 73 3091

ALL 26 3507

Figure 13. LWP+IWP for the a) REF, difference in LWP+IWP for b) ARI-REF, and c) ALL-REF on December 31 at 14:30 AEDT.

between surface
:::
the emissions and convective processes. In the REF experiment, CIN is 14 J kg−1 and CAPE is 3653 J kg−1,620

providing baseline conditions for convective development. The addition of water vapor in the MOIST experiment slightly in-

creases CIN to 18 J kg−1 and decreases CAPE to 3577 J kg−1. Increased humidity generally leads to more rapid saturation

of rising air parcels, resulting in the release of latent heat. As a consequence, the parcel becomes positively buoyant, mean-

ing it is more capable of rising through the atmosphere. Thus, CIN/CAPE should decrease/increase as humidity increases.

However, Figure 12 also indicates an increase in cloud formation, which contributes to atmospheric stabilization through cloud625

radiative effects. This stabilization is primarily associated with surface cooling due to reduced incoming solar radiation. Nev-

ertheless, the overall changes remain small. The ARI experiment exhibits the highest CIN (73 J kg−1) and the lowest CAPE

(3091 J kg−1), consistent with aerosol–radiation interactions stabilizing the lower atmosphere and suppressing convective ac-

tivity. In contrast, the HEAT experiment shows the strongest convective potential, with no inhibition (CIN = 0 J kg−1) and the

highest CAPE (3781 J kg−1), suggesting that fire-induced heating strongly promotes convective initiation and vertical devel-630

opment. In the combined experiment ALL, CIN is 26 J kg−1 and CAPE is 3507 J kg−1, reflecting the net effect of competing

processes. Again, the values represent area-averaged quantities. The highest
:::
high

:
CIN values indicate the presence of regions

with increased atmospheric stability, typically associated with smaller fires. In contrast, larger fires exhibit substantial heat

release, which counteracts the stabilizing effects and promotes convective activity.
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In a next step, the impact of aerosol-radiation interaction on the cloud development
::::::::::
downstream

::
of

:::
the

::::::
plume is analyzed.635

Figure 13a displays the sum of LWP + IWP for the reference experiment. The individual contributions of LWP and IWP are

shown separately in Appendix B1 and B2. A cloud band spreads from the northwestern corner southeast through the domain,

overlapping with the aerosol plume. This cloud band is associated with a front passing through. Figure 13b shows the difference

of ARI - REF. There is noise within the cloudy areas, but significant increases in LWP + IWP are observed in the southeastern

region of the cloud band. This clear increase stems from an increase in liquid clouds forming due to the aerosol-radiative640

effect. West of the cloud band, there is an increase in cloud ice caused by aerosol-radiative effects. Figure 13c shows the

differences between ALL and REF. Again, there is noise, but also areas of increase. The areas of increase are evident in the

southeastern part of the cloud band and east of the cloud band where the plume is located. The increases within the cloud

areas are predominantly in liquid clouds, while east of the cloud band, there is a dominant increase in cloud ice. Therefore,

aerosol-radiation induced plume warming increases the buoyancy of rising air parcels, allowing the plume to ascend higher and645

promote cloud formation. In contrast to the beginning of the simulation, where the dense aerosol plume induces atmospheric

stabilization. This highlights the semi-direct aerosol effect, which can exert both stabilizing and destabilizing influences on

atmospheric dynamics, depending on the vertical distribution and optical thickness of the aerosol plume. When aerosols absorb

solar radiation, they can heat the surrounding air, potentially stabilizing the lower atmosphere by suppressing convection. This

effect tends to trap pollutants near the surface, enhancing surface concentrations, as seen close to the source. Conversely, if the650

aerosol layer is elevated and sufficiently dense, it can destabilize the atmosphere by creating temperature gradients that promote

vertical mixing. The net impact of the semi-direct effect is therefore highly sensitive to plume height, aerosol concentration,

atmospheric stratification and the aerosol optical properties. Furthermore, a distinction between the ARI and ALL experiments

is evident. While some of these differences can be attributed to initial conditions, such as the plume injection profile, the

vertical positioning of the aerosol plume relative to cloud layers further contributes to the observed discrepancies.655

Comparison to observationsThe following section presents a comparative analysis of the different model experiments against

observational datasets, including the horizontal and vertical aerosol transport patterns derived from NASA 3D wind retrials

and CALIPSO, and the resulting impacts of model modifications on surface-level PM2.5 concentrations at selected monitoring

stations. Aerosol and cloud top height on December 31, 2019, at 14:30 UTC. a) Retrieved by the NASA 3D wind algorithm.

b-f) Simulated in the experiments: b) MOIST, c) ALL, d) REF, e) ARI, and f) HEAT. The dots in panels b-f represent the top660

height of either the aerosol plume or a cloud.

4
:::::::::
Discussion

Figure 7 shows the 3D wind retrieval compared to the five experiments on December 31st between 13:45
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4.1
::::::::::

Uncertainty
::
in

::::::
model

::::::::::::
configuration and 15:25 UTC and the simulation at 14:30 UTC. The retrieval in Figure 7a

shows a feature almost diagonal through the domain which will be focus of the analysis. Within that feature, there665

is a convective cell arising southeast of the Australian coastline, with maximum altitudes of 20.0 km . The average

heights of the plume and cloud above 2 km are 8.3 km. The REF experiment exhibits similar structural features

to those observed in the retrieval. It captures the overlap between the aerosol plume and cloud layers (LWP+IWP

is shown in Figure 13 the plume top height can be found in Appendix B3). Within, there are two distinct elevated

regions are evident: one shifted toward the southeast, characterized by both cloud and aerosol presence, and670

another toward the northwest, dominated primarily by aerosols. The maximum top height within the REF

experiment reaches 13.0 km and the average height above 2 km are 6.7 km. This outlines an underestimation of

the top heights in REF. The MOIST experiment exhibits similar characteristics to the REF experiment, but with

more extensive elevated regions, outlined by an average top height of 7.0 km and an increase in maximum height

of 13.4 km. While the maximum plume height is notably enhanced in the MOIST experiment, the average plume675

height shows only minor variation. These results suggest that the release of moisture influences the initial stages

of plume development; however, its overall impact on the vertical structure remains limited. The ARI experiment

also exhibits similarities to the REF experiment but demonstrates enhanced plume elevation downstream, with a

maximum top height of 13.0 km and an average top height of 7.3 km. Aerosol
::::::::::::::
parameterization

:::::::
Previous

::::::
studies

::::
have

::::::::::
documented

:::::::::
limitations

::
of

:::
the

::::::
Freitas

:::::::::
plume-rise

::::::
scheme

:::::::::::::::::::::::::::::::::::::::::::::::
(Val Martin et al., 2012; Wilmot et al., 2022; Wang, 2024)680

:
,
::::::
notably

::
its

::::::::
tendency

::
to

::::::::::::
underestimate

:::
the

:::::::
dynamic

:::::
range

:::
of

:::::::
injection

:::::::
heights.

::::
Our

:::::
results

:::::::
confirm

:::
this

::::
bias

:::
for

::::::::::::
high-intensity

::::
fires.

:::
To

:::::::
evaluate

:::::
these

::::::::::
limitations,

:::
we

::::::::
employed

::
a

:::::::::::
configuration

::::
with

:::
6.6

::::
km

:::::::::
horizontal

::::::::
resolution

::::
that

::::
does

::::
not

::::::::
explicitly

::::::
resolve

::::
deep

::::::::::
convection.

:::::
This

::::::
choice

:::::::
provides

::
a
::::::::
stringent

:::
test

:::
of

::
a

::::::::::::::
parameterization

::::::::
originally

::::::::
designed

:::
for

:::::::
coarser

:::::
grids

:::::
(∼100

::::
km).

::::::
While

:::::::::::::
underestimation

::
of

::::::
plume

::::::
heights

:::
has

::::
been

::::::::::
documented

:::
for

:::::::::
plume-rise

:::::::
models,

::::::::
including

::::::
Freitas,

:::::::::
attributing

:::
this

::::
bias

:::::
solely

:::
to

:::
the

::::::::::::::
parameterization

::::
may

:::
be

::::::
overly

:::::::::
simplistic.

::::::::
Heat-flux

::::::::::
density—a

:::
key

::::::
driver

::
of

::::::
plume

::::::::::::
buoyancy—is685

:::::
poorly

::::::::::
constrained

::::::
outside

::
of

::::::
limited

::::
field

::::::::::
campaigns.

::::::::::::::
Satellite-derived

:::
fire

::::::::
products,

:::::
which

:::::::
provide

::
the

::::::::
majority

::
of

::::
input

:::::
data,

:::
may

:::::::::::::
systematically

:::::::::::
underestimate

::::
this

:::::::
quantity,

:::::::::::
complicating

::::
the

:::::::::::
interpretation

::
of

::::::
model–radiation interactions contribute to

a gradual rise in plume altitude over time. Initially, the top heights in the ARI experiment are underestimated; however, as

the plume ascends due to these interactions, the top heights increasingly align with observational data, showing improved

agreement compared to the REF experiment. In the HEAT experiment, a pronounced elevation of the plume is observed690

downstream of the coastline, closely matching the spatial distribution seen in the observations. The maximum top height

reaches 14.4 km, with an average top height of 7.6 km. Although an underestimation remains, the HEAT experiments aligns

agreeably with the observations. In the ALL experiment, a dominant elevation is simulated southeast of the Australian coast,

with a maximum altitude of 18.0 km and an average top height of 8.6 km, aligning even better with the observations. The

maximum plume height is still underestimated; however, the retrievals reach altitudes of up to 20km in localized regions.695

In contrast to this underestimation, the average top height exceeds the observed value by 0.5km. Nevertheless, the initially
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higher and more uniform emission profile, combined with lofting induced by aerosol–radiation interactions in the ALL setup ,

effectively reproduces the observed patterns.

This comparison of ARI and ALL highlights that the aerosol radiative effect is strongly modulated by both cloud cover and

the relative positioning of the aerosol plume. The initial lofting, driven by
::::::::::
observation

:::::::::
differences.

:::::::::::::
Enhancements

::::
such

::
as fire-700

induced heat and moisture release, increases the area of the plume exposed to solar radiation. This enhancement is attributed to

the elevated initial plume height, its positioning above optically thick clouds, and a broader horizontal distribution
::::::::::::
meteorological

::::::
changes

::::::
within

:::
the

:::::
ICON

::::::::::
framework

::::
may

:::::
partly

::::::::::
compensate

:::
for

:::::::::
low-biased

:::::
inputs

:::::
rather

::::
than

::::::::::
exclusively

:::::::::
correcting

:::::::
physical

:::::::::::::::
parameterizations.

::::::::
However,

:::
this

:::::
study

::::
aims

::
to

:::::::
develop

:
a
::::::
model

:::::
setup

:::
that

:::
can

:::
be

::::::
applied

:::::::
globally

::::
and

::
in

::::
near

:::
real

:::::
time,

:::
and

::
is

:::::::
therefore

::::::::
restricted

::
to

:::::::
suitable

::::::::
available

::::::
datasets

::::
and

:::
the

::::::::::
information

::::
they

::::::
provide.705

CALIPSO attenuated backscatter at 532 nm and simulated backscatter at 532 nm on January 1, 2020, at 13:30 AEDT. a)

CALIPSO data. b-f) Simulated in the experiments: b) MOIST, c) ALL, d) REF, e) ARI, and f) HEAT. The light yellow line

displays the 0.01×10−3 g m−3 LWP+IWP isosurface The CALIPSO attenuated backscatter at 532 nm is compared to the

simulated backscatter from the experiments (Figure 8), along a satellite overpass near New Zealand on January 1
:::
The

::::::::
emission

:::::::
estimates

::::
are

::::::
subject

::
to

::::::
several

::::::::::::
uncertainties.

:::::
First,

:::
the

:::::::
emission

:::::::
profile,

:::::
which

::
is
::::::::

assumed
::
to

:::
be

::::::::
parabolic,

::::::::
whereas

::::::
studies710

::::
such

::
as

::::::::::::::::::::::::::::::::::::::::
(Moisseeva and Stull, 2021; Wilmot et al., 2022)

::::::
indicate

::::
that

::
the

::::::::
majority

::
of

:::::::
aerosols

:::
are

::::::::::
concentrated

::::
near

:::
the

::::::
plume

:::
top.

::::::::
However, 2020, at 13:30 AEDT. The CALIPSO cross-section reveals signal centered around 15 km altitude, accompanied

by a secondary feature near 5 km in the southern portion of the transect, both classified as a mixture of cloud and aerosol.

Additionally, a signal is visible above 10 km in the northern half of
::::
when

::::::::::
considering

::::
the

::::
fire’s

:::::::
impact

::
on

::::::::::::
meteorology,

::::::::
additional

:::::::
vertical

:::::::
transport

::::::
within

:::
the

::::
host

:::::
model

::::::::
enhances

:::::::
upward

::::::
motion

:::
and

::::::::
therefore

::::::
aerosol

::::::::
transport

::::::
toward

:::
the

::::::
plume715

:::
top,

::::::
which

::::
may

:::::::
partially

::::::
correct

:::
this

:::::::::::
discrepancy.

:::::::
Second,

:::::::
Equation

::
1
:::::::
assumes

::
a
:::::
linear

::::::::::
relationship

:::::::
between

::::
FRP

::::
and

::::::
burned

::::
area,

:::::
which

::::
may

:::
not

::::
hold

::
in
:::
all

:::::
cases.

:::
For

::::::::
example,

::::::::
although

:::::
forest

::::
fires

:::::::
typically

::::
burn

:::::::
smaller

::::
areas

::::
than

:::::
grass

::::
fires,

::::
they

::::
can

::::::
exhibit

:::::
higher

:::::
FRP

:::
due

::
to

::::::
denser

::::
fuel

:::::
loads

::::::::::::::::
(Zheng et al., 2021)

:
.
:::::
Next,

::::::::
applying

:
a
::::::
typical

:::::::
diurnal

::::
cycle

::::::::
function

:::::::::
introduces

::::::::::
uncertainties

::::
that

::::
vary

::::::
across

:::::::
different

:::::::
climate

:::::
zones

::::
and

:::
fire

::::::::
regimes.

:::::::::
Weighting

:::
the

::::::
diurnal

:::::
cycle

:::::::::
according

::
to

:::::::::
vegetation

:::
type

::
is
:::
an

::::::::
important

::::
first

::::
step;

::::::::
however,

:::::::
impacts

:::
like

::::::::::
combustion

::::::
phases,

:::
for

::::::::
example,

:::
are

:::::::::
neglected.

:::::::::::
Additionally,

::
in

:::::::
contrast720

::
to

:::
the

::::::
typical

::::::
diurnal

::::::
pattern

::
of

:::::::::::
atmospheric

:::::::
stability

:::
and

:::
fire

:::::::::::::::
intensity—where

::::::
pyroCb

::::::
clouds

::::::::
generally

:::::
form

::
in

:::
the

:::::
early

::
to

:::
late

::::::::::::::
afternoon—some

:::
of the overpass, classified as cloud. The surface close signal is classified as mainly marine aerosol with

localized clouds. In the REF and MOIST experiments, no aerosol backscatter is simulated. However,
::::
most

::::::
intense

:::::::
pyroCb

::::::
activity

::::::
during

:::
the

::::
ANY

:::::
event

:::::::
occurred

::
at
:::::
night

::::::::::::::::::
(Peterson et al., 2021).

::::
This

::::::::::
discrepancy

:::::::
between

:::
the

::::::::
expected

::::::
diurnal

:::::
cycle

::
of

::::::::::
atmospheric

:::::::
stability,

:::
fire

::::::::
intensity,

:::
and

::::::::
observed

::::::::
nighttime

::::::
pyroCb

:::::::
activity

:
is
:::
not

::::::::
captured

::
in

:::
the

:::::::::
simulation

:::
and

::
is

::::::::
discussed

::
in725

::::
more

:::::
detail

::
in

:::::::::::::::
Muth et al. (2025)

:
,
:::
and

:::
can

::::
also

::
be

::::
seen

::
in
:::::::::
Appendix

:::
A1.

:::::::::::
Furthermore,

::::::
GFAS

:::::
inputs

::::::
derived

:::::
from

:::::::
MODIS

::::
FRP

::
are

:::::::
subject

::
to

:::::
cloud

:::
and

::::::
smoke

::::::::::
interference,

::::::::::
view-angle

::::::
effects,

:::
and

::::::::
potential

:::::
sensor

:::::::::
saturation,

:::
all

::
of

:::::
which

::::
bias

:::
fire

::::::::
intensity

:::::::
estimates

::::
low

:::::::::::::::::
(Kaiser et al., 2012).

::::
The

:::::::::
conversion

:::
of

:
the simulated 01×10−3 g m−3 LWP+IWP isosurface around 10 km

aligns well with the observed cloud structures, and some low-level clouds are also simulated. The HEAT experiment captures

the cloud signals and shows a small aerosol signal at the southern border of the shown overpass, indicating that the initially730

increased injection height improves aerosol transport compared to observations. The ARI experiment successfully reproduces
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the observed cloud signals. Additionally, an aerosol backscatter signal around 5 km is present at the southern edge of the

overpass, consistent with CALIPSO observations. This suggests that a lofting mechanism is necessary and more effective than

an increased emission height to transport aerosols to the observed location. The ALL experiment captures the cloud layer at 10

km but lacks near-surface cloud features. The aerosol backscatter matches the observations well, reproducing both the signal735

at 5 km and the elevated layer at 15 km. Overall, the findings highlight the limited impact of fire-induced moisture on aerosol

transport in the MOIST experiment. The absence of a signal in the HEAT experiment suggests that, despite a higher initial

emission profile, aerosol lofting is essential for transporting particles into the UTLS. Moreover,
::::
FRP

::::
into

::::::::
emission

::::::
factors

::::::::
introduces

:::::::::
additional

:::::::::::
uncertainties.

::::
The

:::::::::
conversion

::::
from

::::
FRP

:::
to

:::::::::
convective

:::
heat

::::
flux

:::::
relies

::
on

::::::::
empirical

::::::::::
coefficients

::::
that

::::
vary

::::
with

:::
fuel

::::
type

:::
and

::::::::::
combustion

:::::::::
conditions

::::::::::::::::::::
(Val Martin et al., 2012).

::::::::
Moisture

::::::
release

::::::::
estimates

::::::::
introduce

::::::::
additional

::::::::::
uncertainty,740

::
as

::::::::
weighting

::::::
factors

:::
in

:::::::
Equation

::
7
:::
are

:::::
based

:::
on

:::::::::::
fuel-moisture

::::::::::::
characteristics

:::::
from

::::::::::::::::
Nolan et al. (2016)

:::
and

:::::::::::::::
Deb et al. (2020)

::
for

::::::::
southeast

:::::::::
Australia,

::::
they

::::
may

:::
not

::
be

::::::::
generally

:::::::::
applicable.

::::
For

:::::::::
particulate

::::::
matter,

::::::::::::::::
Kaiser et al. (2012)

:::::
shows

::::
that

::::
there

::
is
::
a

::::::::::
systematical

:::::::::::::
underestimation

:::
by

::::::
GFAS

:::
and

::::::::
therefore

:::::::::
introduces

:
a
:::::::::
correction

:::::
factor

::
of

::::
3.4.

:::
We

::::
also

:::::::
applied

:::
this

:::::
factor

::
to
::::

our

::::::
aerosol

:::::::::
emissions,

:::
and

:::::
based

:::
on

::::::
Figure

:::
10,

:
the signal around 5 km underscores the importance of lofting processes at lower

altitudes. It should be noted that no clouds are simulated within the regions containing aerosol in the model output. Given745

reports of potential misclassifications of dense aerosol plumes in high altitudes (Liu et al., 2019), it remains unclear whether

this discrepancy arises from limitations in the simulation or from flaws in the observational classification. Furthermore, the

simulated backscatter includes only wildfire aerosols, hence, the near-surface marine aerosol layer is not represented. The

absence of low-level clouds in the ALL experiment further underscores the semi-direct aerosol effect, where stabilization

trough aerosols-radiation interaction suppresses cloud formation.750

CALIPSO attenuated backscatter at 532 nm and simulated backscatter at 532 nm on January 2, 2020, at 02:30 AEDT. a)

CALIPSO data. b-f) Simulated in the experiments: b) MOIST, c) ALL, d) REF, e) ARI, and f) HEAT. The light yellow line

displays the 0.01×10−3 g m−3 LWP+IWP isosurface

Figure 9 presents the CALIPSO 532 nm attenuated backscatter cross-section south of the Australian coast on 2 January 2020

at approximately 02:30 AEDT. The satellite data reveals backscatter between 2 and 5 km, with additional features at 10 km755

(31◦S), 8 km (34◦S), and 12 km (between 43◦S and 38◦S), all classified as clouds by the CALIPSO algorithm. The model

simulations also reproduce cloud structures in these regions, including those south of 43◦S. The REF experiment aligns well

with the observations, capturing the signals below 2 km north of 43◦S. The signal north of 38◦S matches well in both height

and magnitude. The LWP+IWP isosurface matches, although shifted to the south with the detected cloud signal. The other

experiments show similar results to REF and therefore also align well with the observations. This agreement indicates that the760

baseline model configuration is sufficient to reproduce the observed plume structure under these conditions . The similarity

between REF and the other experiments (MOIST, ARI, HEAT, and ALL) suggests that fire-atmosphere interactions have a

limited influence on plume height in this case.

Therefore, the differences between the two CALIPSO observations need to be discussed. Firstly, the age of the plume is

different. In Figure 9, the plume is close to the source on January 1st. It has been established that on this day the FRP is765

smallest, resulting in lower moisture, heat release, and aerosol emission. Secondly, the overpass occurs during the night, when
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the atmosphere is more stable. This generally decreases vertical transport in all experiments. The diurnal cycle reduces heat

and moisture during the night further, and the aerosol-radiative effects are limited to terrestrial radiation and remain small.

All these factors reduce the impact of the implemented features, leading to similar results. However, the
:::::::::
application

::
of

::::
this

:::::
factor

:::::
shows

::::::
overall

:
good agreement with the observationsand the significant decrease in fire and moisture release indicate770

that for less intense fires, the plume-rise model performs well without the additional implementations. Therefore, it can be

concluded that the fire’s impact on the meteorology in the host model can be neglected for small to moderate fires. However,

for extreme events, these effects are crucial.
:::::::::::
observations.

::::
This

:::::
factor

::::
was

:::::::::
empirically

:::::::
derived

:::
for

:::::::::
particulate

:::::
matter

::::
and

::::
may

::
be

::::::::
attributed

:::::
either

::
to

:::::::::::
uncertainties

::
in

:::
the

:::::::
emission

::::::::::::::
parameterization,

::::::
which

:::
can

::
be

:::::::::
substantial

::::::::::::::
(Urbanski, 2014)

:
,
::
or

::
to

:
a
:::::::
general

:::::::::::::
underestimation

::
of

:::
the

:::::
FRP

::
on

::::::
which

:::
the

::::::::::::::
parameterization

::
is

::::::
based.

::::
The

::::::::::
comparison

::
of

:::::
direct

:::::::
MODIS

:::::
FRP

::::::::::::
measurements775

::::
with

::
the

:::::
FRP

:::::::
assumed

::
in

::::::
ICON,

::::
both

::::
with

:::
and

:::::::
without

:::
the

:::
3.4

:::::::
emission

::::::
factor

:::
(see

:::::::::
Appendix

::::
A1),

:::::::::::
demonstrates

:::
that

::::::::
applying

::
the

::::::::::::
enhancement

:::::
factor

::::::::
improves

:::
the

:::::::::
agreement

:::::::
between

:::
the

:::::::
assumed

::::
FRP

::::
and

:::::::
MODIS

:::::::::::
observations.

::::::::
Although

:::
this

:::::
does

:::
not

::::::::
constitute

:::::
proof

:::
that

:::
the

:::::::::::
enhancement

::::::
factor

:
is
::::::::::
universally

:::::::::
applicable

:::
due

::
to

:::::::::
systematic

::::::::::::::
underestimation,

::
it

:::
can

:::::::::
reasonably

:::
be

:::::::
assumed

:::
for

:::
the

::::
case

:::::::::
considered

::::
here.

:

So far the focus has been on780

4.2
::::::

Subgrid
:::::::::
treatment

::
of

::::
fire

:::::::
forcing.

::::::::::
Fire-induced

::::
heat

:::
and

::::::::
moisture

::::::
release

::::
were

:::::::::
distributed

:::::::::
uniformly

:::::
across

::::
each

::::
grid

::::
cell,

:::::
rather

::::
than

::::::
applied

::
at

:::::::
subgrid

:::::
scale,

::
as

:::::::
proposed

:::
by

:::::::::::::
Ma et al. (2025)

:
.
::
In

::::
their

::::::::
approach,

:::
fire

::::
heat

::::
was

::::::::
explicitly

:::::::::
represented

::::::
within

:::
the

::::::::::::::::
superparameterized

::::::::::
Community

::::
Earth

:::::::
System

::::::
Model

:::::::::::
(SP-CESM),

:::::
which

:::::::
embeds

::::::::::::
2-dimensional

::::::::::::::
cloud-resolving

::::::
models

:::::::
(CRMs)

:::
at

:
4
::::
km

::::::::
resolution

::::::
inside

::::
each

:::::
GCM

::::
grid

:::
cell.

::::
Fire

::::
heat

:::::
fluxes

:::::
were

::::::
applied

::::
only

::
to
::
a
:::::
subset

:::
of

:::::
CRM

:::::::
columns

::::::::::
proportional

::
to

:::
the

::::::
burned

:::::
area,

:::::::
creating785

::::::::
horizontal

::::::::::::
heterogeneity

:::
and

::::::::
localized

::::::::
buoyancy

:::::::
maxima

::::
that

:::::
drive

::::::::
secondary

::::::::::
circulations

::::
and

:::::
more

:::::::
realistic

:::::::::
convection.

:::
In

:::
our

:::::::::
simulation

:::
the

:::
grid

:::::::
spacing

::
of

:::
6.6

:::
km

::
is

::::::::::
comparable

::
to the plume development and height but last we want to analyze how

the different emission profiles shown in Figure 12 impact the surface-level air quality. Figure 10 compares simulated wildfire

aerosol concentrations below 2.5 µm in diameter with observed PM2.5 measurements at several monitoring stations (locations

shown in Figure 3). It is important to note that, the measurements reflect total particulate matter, including non-wildfire sources790

not represented in the model. These factors introduce inherent uncertainties in the comparison . However the close proximity

of the stations to fire areas (Figure 3) suggests that wildfire aerosols are the dominant source. At Station Albury, all simulations

tend to underestimate PM2.5 concentrations; however, the observed peak on 31 January is reasonably well captured, except for

the HEAT experiment. At Stations Bringelly and Campbelltown West, which are located near the emission source and in close

proximity to one another, the REF and MOIST and HEAT experiments overestimate observed concentrations. In contrast,795

the ARI, and ALL experiments show improved agreement with measurements, indicating that the inclusion of fire-induced

processes helps constrain near-source concentrations. At Station Newcastle, inter-experiment variability is minimal, with

consistently lower concentrations in the HEAT, ARI, and ALL experiments. Overall, the simulations reproduce the observed

concentration patterns reasonably well, thereby validating our assumptions regarding the aerosol emission flux, which consists

of BC and OC, using a correction factor of 3.4
:
4
:::
km

:::::::::
resolution

:::
of

:::
the

::::::
CRMs.

::::::::
Further,

:::
the

::::::
GFAS

:::::
input

::::::::
resolution

::::::
(0.1◦,800

32



::::
≈11

:::
km)

::::::
allows

:::
no

::::::
further

::::::::::
subdivision.

::::::::::::
Nevertheless,

:::::::::
neglecting

::::::::
localized

::::::::
buoyancy

:::::::
maxima

::::
may

:::::
dilute

::::::::
effective

::::::::
heat-flux

::::::
density

:::
and

::::
can

::::::
reduce

::::::::
injection

:::::::
heights.

::::::::
However,

::::::::
injection

:::::
height

::
is
::::::::::::

parameterized
::::::

within
:::
the

::::::
plume

::::
rise

::::::
model,

::::
and

:::
the

:::::::::::::
implementation

::
of

::::
heat

::::
and

:::::::
moisture

:::::::
release

::
in

::::::::::
ICON-ART

::::::
allows

:::
for

:::
an

::::::::
averaged

:::
fire

:::::
effect

:::
on

:::::::::::::
meteorological

::::::::
variables

::
in

:::
the

::::
host

::::::
model,

::::::::
ensuring

::::
that

:::::::::
large-scale

:::::::::::
atmospheric

:::::::::
responses

::
to

::::
fire

::::
heat

:::
are

::::
still

::::::::::
represented. Although Figure 12

indicates a strong increase in surface concentrations in the ARI experiment, this enhancement is not reflected in the comparison805

with air quality measurements. However, point-to-point comparisons remain sensitive to small discrepancies in simulated

plume height and transport pathways, which can lead to substantial local deviations. This is particularly evident at Stations

Bringelly and Campbelltown West, where, despite their close spatial proximity (approximately 20 km), the temporal evolution

of concentrations differs markedly, underscoring the complexity of near-source plume dynamics In summary, the impact of

varying experimental configurations appears to be non-linear. In some cases, enhancements such as heat release lead to a810

reduction in near-surface aerosol concentrations, whereas in others, concentrations increase. Notably, at the Bringelly and

Campbelltown West stations, the overestimations observed in the REF, MOIST, and HEAT experiments are mitigated in the

ARI and ALL setups, highlighting the importance of lofting for accurate near-source air quality representation.

Comparison of 3-hourly mean PM2.5 air quality measurements and simulated ICON-ART aerosol at four different locations,

shown in figure 3. Observations are shown in gray, the simulation REF in black, MOIST in blue, HEAT in red, ARI in light815

green, and ALL in purple.

5 Discussion

First and foremost, the reasonability of our approach should be discussed. Different studies have outlined the limitations

of the Freitas scheme (Val Martin et al., 2012; ?; Wang, 2024), showing an underestimation of the dynamic range of emission

heights. We showed, that this leads to an underestimation of plume heights for intense fires in comparison with observations. We820

addressed this by considering the fire’s impact on meteorological variables. Therefore, we deliberately selected a configuration

with a 6.6 km resolution , which does not explicitly resolve convection, in order to test the model’s limitations. This setup

employs a plume-rise parameterization originally designed for coarser grid simulations with resolutions around 100 km.

Furthermore, the model implementations are subject to considerable uncertainties. The first major source of uncertainty stems

from the input variables provided by GFAS , which are derived from MODIS FRP measurements. These measurements are825

affected by interference from clouds and dense smoke plumes, suggesting a possible underestimation of fire intensity, leading

to reduced aerosol, heat, and moisture emissions (Kaiser et al., 2012). Furthermore, coarse assumptions were made for the

conversion of FRP to convective heat flux, acknowledging that this conversion remains highly uncertain (Val Martin et al., 2012)

. The same applies to the assumptions regarding the emitted moisture release. In contrast to the typical diurnal cycle of

atmospheric stability and fire intensity, which suggests pyroCb clouds form in the early to late afternoon, some of the most830

intense pyroCb activity during the ANY event was observed at night (Peterson et al., 2021). This discrepancy between the

diurnal cycle of atmospheric stability, fire intensity and the nighttime pyroCb activity is not captured in the simulation and

discussed in more detail by Muth et al. (2025).
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Aerosol–radiation interactions from biomass burning can significantly influence

4.1
:::::::::::::::

Aerosol–radiation
:::::::::::
interactions835

::::::::::::::
Biomass-burning

:::::::
aerosols

::::
exert

:::::::::
significant

:::::::
radiative

::::::
effects

::
on plume dynamics, including plume rise , as shown by Ohneiser et al. (2023)

and in our own set of simulations, and are highly sensitive to
::::::::::::::::::
(Ohneiser et al., 2023)

:
.
:::::
These

::::::
effects

::::::
depend

:::::::
strongly

::
on

:
aerosol

optical properties. We assume a
:
,
:::::
which

::
in

::::
turn

:::
vary

::::
with

:
OC/BC ratio in agreement with literature, however this ratio is strongly

dependent on the
:::::
ratios,

:
vegetation type, combustion efficacy and moisture content (Janhäll et al., 2010). Further, the BC /OC

ratio influences the balance between absorption and scattering, where higher BC content increases absorption and reduces840

SSA, while higher OC content enhances scattering. Additionally, in
::::::::
efficiency,

:::
and

::::
fuel

:::::::
moisture

:::::::::::::::::
(Janhäll et al., 2010)

:
.
::::::
Higher

:::
BC

:::::::
fractions

:::::::
enhance

:::::::::
absorption

::::
and

::::::
reduce

::::
SSA,

:::::::
whereas

::::::
higher

:::
OC

::::::::
fractions

:::::::
increase

:::::::::
scattering.

::
In

:
this study, aerosols are

treated
:::::::::
represented

:
as internally mixed particles composed of an insoluble core and a soluble shell. Upon transitioning to this

mixed state, particles are assigned
:::
with

:
fixed optical properties, though this approach carries substantial uncertainties. The

aerosol size distribution plays a central role in determining radiative effects. Changes in size distribution due to
:
a
::::::::::::
simplification845

:::
that

:::::::
neglects

::::::::
dynamic aging processes such as condensation, coagulation, and chemical transformation can significantly alter

AOD and radiative forcing (Seinfeld and Pandis, 2006), which is not accounted for. This limitation is particularly relevant

in the context of pyroCb events, where recent findings indicate that black carbon particles injected into the stratosphere

::::::::::::::::::::::
(Seinfeld and Pandis, 2006)

:
.
:::::
These

::::::::
processes

::::
alter

:::
size

::::::::::
distribution,

::::::::
refractive

::::::
index,

:::
and

:::::::::::::
hygroscopicity,

:::
and

:::::
recent

:::::::::::
observations

::::::
indicate

::::
that

:::::::::::
stratospheric

::::
BC

:::::::
particles

:
are heavily coated with organic material (Beeler et al., 2024). The ratio of soluble850

to insoluble mass affects scattering efficiency, that is again depending on the undergoing aging processes of the particle.

Further, the inorganics-to-H2O ratio, depends on the aging stage and reflects the relative abundance of inorganic species to

water and affects both refractive index and hygroscopic growth potential. While these ratios and the size distribution are

held constant for computational efficiency, this simplification neglects the dynamic aging of aerosols, which alters both size

and composition over time (Fierce et al., 2015). Furthermore, aerosol morphology significantly impacts optical properties.855

Freshly emitted soot particles typically exhibit fractal, chain-like structures and are initially hydrophobic, yet this study

assumes spherical morphology . According to Romshoo et al. (2022), such assumptions can lead to substantial overestimatio,

:::::::
organics

:::::
during

:::::::
pyroCb

:::::
events

:::::::::::::::::
(Beeler et al., 2024).

:::::::::::
Furthermore,

::::::::
assuming

::::::::
spherical

::::::::::
morphology

:::::::::
introduces

:::::::::
substantial

:::::
error:

::::::::::::::::::
Romshoo et al. (2022)

:::::
report

::::::::::::::
overestimations

::
of

::::
SSA

:::
by

:
up to a factor of five for SSA and

:::
and

:::::::::
absorption

::::::::::
coefficients

:::
by

up to a factor of threefor the absorption coefficient. While the assumption of internally mixed aerosols with fixed optical860

properties simplifies model implementation, it limits the ability to capture the complexity of aerosol aging and the diversity of

soot morphologies. Incorporating dynamic mixing state representations and .
::::::::::::
Incorporating morphology-aware optical models

would improve the accuracyof aerosol–radiation interaction simulations, especially in regions influenced by fresh emissions

and
:::
and

:::::::
dynamic

:::::::::::
mixing-state

:::::::::::::
representations

::::::
would

:::::::
improve

::::::::
accuracy,

::::::::::
particularly

:::
for

:::::
fresh

:::::::::
emissions

::::::::::
undergoing

:
rapid

chemical processing.865
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Additionally, the performed simulations do not account for aerosol-cloud interaction, which plays an important role in the

formationof pyro-Cbs, as outlined in Fromm et al. (2022). While studies such as Andreae et al. (2004); Koren et al. (2005); Wang et al. (2009)

4.2
::::::::::::

Aerosol–cloud
::::::::::
interactions

::::::::::::
Aerosol–cloud

::::::::::
interactions,

:::::
which

::::::::
influence

:::::::
pyroCb

:::::::::
formation,

::::
were

:::
not

::::::::::
represented.

::::::
While

::::
some

::::::
studies

:
report enhanced up-870

drafts due to these interactions, Luderer et al. (2006) found that although aerosol loading significantly alters the microphysical

structure of pyro-convective clouds, the influence of cloud condensation nuclei on the dynamic evolution of the pyroCb

remains limited . More recent studies by Kablick III et al. (2018) indicate that the impact of
::::::::
increased

::::
CCN

:::::::::::::
concentrations

::::::::::::::::::::::::::::::::::::::::::::::::
(Andreae et al., 2004; Koren et al., 2005; Wang et al., 2009),

::::::
others

::::
find

::::::
limited

:::::::::
dynamical

::::::
impact

::::::::
compared

::
to

:
fire-generated

aerosols on the development of a specific pyroCb were negligible compared to the effects of fire-generated heat fluxes .875

Therefore
::::::::::::::::::::::::::::::::::::
(Luderer et al., 2006; Kablick III et al., 2018)

:
.
:::::
Based

::
on

:::::
these

:::::::
findings, we assume the effect of aerosol-cloud interaction

on the plume development is overall small in comparison to effects regarded in our simulation
:::::::::::
aerosol–cloud

::::::::::
interactions

:::::
exert

:
a
::::::::
secondary

::::::::
influence

:::::::
relative

::
to

::::::
thermal

:::::::
forcing

::
in

:::
our

::::::::::
simulations.

Further, the comparison with observations poses additional uncertainties. The

4.3
::::::::::

Comparison
::::
with

::::::::::::
observations880

:::::::::
Uncertainty

::
in
:::::::::::
observational

:::::::::::
benchmarks

:::::
further

::::::::::
complicates

:::::::::
evaluation.

:
NASA 3D wind retrieval itself is subject to uncertainties.

The height retrievals depend on the relative viewing geometry of LEO-GEO. The retrieval process estimates the uncertainty of

the retrieved parameters using a covariance matrix. This covariance matrix calculates the uncertainty statistics for, beyond other

parameters, the retrieved height . The uncertainty derived from the covariance matrix serves as an effective guide to the quality

of the retrievals (Carr et al., 2019). The shown retrievals are given with and error range of
::::::::
retrievals

::::
carry

::::::
height

:::::::::::
uncertainties885

::
of ±200to

:
–300 m, which is consistent with the range reported by Carr et al. (2019). Additionally, uncertainties persist in the

comparison, as it is unclear at which specific mass mixing ratio or optical thickness the plume or cloud is detected by the

satellite. Therefore, the comparisons with simulations are strongly dependent on the threshold chosen for the plumeand cloud

definition. Furthermore, the vertical resolution of the model, which increases with height, introduces a varying uncertainty.

The model’s vertical resolution in the altitudes
:::
m,

::::::::
consistent

:::::
with

::::::::::::::
Carr et al. (2019)

:
,
:::
and

:::::::
depend

:::
on

::::::::::
LEO–GEO

:::::::
viewing890

::::::::
geometry.

::::::::
Detection

:::::::::
thresholds

:::
for

:::::::::::
plume/cloud

:::::::::::
identification

::::
are

:::
not

:::::::::::
standardized,

::::::::::
introducing

:::::::::
ambiguity

::
in
::::::::::::

comparisons.

:::::
Model

:::::::
vertical

::::::::
resolution

:::::::::
(200–250

::
m between 9and

:
–15km ranges from 200 to 250 meters. This

::::
km) is comparable to the

error range of the observations. Further uncertainties are introduced by the analysis methods. As altitude increases , the grid cell

heights become larger, and analysis may disproportionately represent higher altitudes, skewing the results. However, we use this

approach because it
::::::::::
observational

:::::
error

:::
but

::::::::
increases

::::
with

:::::::
altitude,

:::::::::
potentially

:::::::
biasing

:::::::
analysis

::::::
toward

:::::
higher

::::::
levels.

:::::::
Despite895

::::
these

::::::::::
limitations,

:::
the

:::::::
adopted

::::::::
approach

:
provides a consistent method for identifying the highest

::::::::
framework

:::
for

::::::::::
identifying

::::::::
maximum

:
plume altitudes across different scenarios.
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5 Conclusion

The Australian New Year’s event serves as a test case for the analyses of the impact of intense fires in extreme meteorological

variables. Our simulation captures the first phase of extreme pyro-convection during the first simulation day and the decline in900

fire activity over the following two days. We chose a resolution, at which it is not possible to resolve convection, so a plume-

rise model is used to parameterize the injection height. However, the resolution is fine enough that the impact of the fire on

meteorological variables
::
in

:::::::::
ICON-ART

:
cannot be neglected.

:
It

::
is

:::::::
analyses

::::
how

::::::::::
fire-induced

:::::::
changes

::
in

:::
the

:::::::::
host-model

:::::::
impacts

::
the

:::::::::
calculated

::::::::
injection

:::::
height

::
as

::::
well

::
as

:::
the

::::::
plume

::::::::
evolution.

:

We demonstrate that for these intense fires, the implemented plume-rise model underestimates the injection height. The inclu-905

sion of fire-atmosphere interaction
:::::::::
fire-induced

:::::::::::::
meteorological

:::::::
changes

:::::
within

:::
the

::::
host

:::::
model

:
helps bridge this gap. The impact

of fire-induced moisture is overall small for this test case. The fire-induced heat release shows that due to additional buoyancy,

the injection height is increased, and cloud formation is possible without additional moisture release. Furthermore, it is shown

that aerosol-radiative effects enhance the plume height downstream. The lofting is accompanied by additional cloud formation

(semi-direct aerosol effect). Overall, the simulations accounting for aerosol-radiation interaction align better with the obser-910

vations. The comparison to CALIPSO data indicates that all fire-atmosphere interactions
:::::::::
fire-induced

:::::::::::::
meteorological

:::::::
changes

need to be accounted for to reproduce a aerosol layer above 15 km, as observed two days after the extreme pyro-convection.

Therefore, a combination of increased injection height and aerosol lofting is necessary. In conclusion, the strong impact of

the fire on meteorology significantly influences the
:::::::::
calculation

::
of

:::
the

::::::::
injection

:::::
height

:::
by

:::
the

:
plume-rise model, enabling the

emission of aerosols into the UTLS region for extreme fire events
:::::
model. Our results highlight the critical role of fire-induced915

heat release in accurately capturing the initial emission height of intense wildfires. We propose a simple parameterization based

on GFAS data to account for this effect. Incorporating this mechanism not only improves the representation of plume rise but

also enhances the simulation of aerosol-radiation interactions, which are amplified due to the increased emission height. Addi-

tionally, we show that the plume-rise model performs well for moderate fires, and the effects of fire-induced heat and moisture

become negligible.920

Code availability. The ICON and ART models are openly available at: https://icon-model.org/. The simulations in this study are based on a

code version closely aligned with ICON release 2024.10 (https://doi.org/10.35089/WDCC/IconRelease2024.10). Certain model components

used in this work, which are not fully open-source, can be provided upon reasonable request to the corresponding author. Access to the NASA

3D Wind Algorithm was granted by Dr. James Carr (jcarr@carrastro.com) and remains subject to his approval. Analysis and visualization

scripts were adapted from: https://github.com/alihoshy/art_pytools.925

Data availability. The ICON-ART simulation output generated in this study will be made available via Radar4KIT with a DOI following the

peer-review process. Himawari-8 satellite data are publicly accessible through Amazon Web Services (AWS): https://registry.opendata.aws/

noaa-himawari. MODIS datasets were obtained from: https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MODIS. CALIPSO data are
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Figure A1.
:::
The

::::::
averaged

::::
FRP

:::::::
assumed

::
in

:::
the

::::::::
simulations

:::::
(black

:::::
line),

:::
and

::
the

:::::::
standard

:::::::
deviation

::
in

::::
gray

::::::
without

::::::::::
enhancement

:::::
factor

:::
and

:::
FRP

::::
with

:::
3.4

::::::::::
enhancement

:::::
factor

::
in

:::::
yellow,

::::
with

:::
the

:::::::
standard

:::::::
deviation

::
in

::::
dark

:::::
yellow.

::::
Red

:::
dots

::::::::
represent

::
the

:::::
mean

::::::
MODIS

:::::
active

::::
FRP

:::::
(NASA

::::
and

::::::::
University

::
of

::::::::
Maryland,

:::::
2025)

::
for

::::
each

::::
hour

::::
with

:::::::::::
measurements

:::::
during

:::
the

:::
first

::::::::
simulation

::::
day

::::::::
(December

:::
30,

:::::
2029),

:::::
along

:::
with

:::
the

::::::
standard

::::::::
deviation.

Figure B1. LWP for the a) REF, difference in LWP for b) ARI-REF, and c) ALL-REF on December 31 at 14:30 AEDT.

publicly available and were downloaded from: https://asdc.larc.nasa.gov/project/CALIPSO. Access to the standardised database of quality as-

sured air pollution monitor data from Australian state and territory governments is available to researchers on request to car.data@sydney.edu.au.930

The MODIS active fire product can be accessed here: https://earthdata.nasa.gov/earth-observation-data/near-real-time/firms/mcd14ml.
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Figure B2. IWP for the a) REF, difference in IWP for b) ARI-REF, and c) ALL-REF on December 31 at 14:30 AEDT.

Figure B3. Plume top height for the a) ARI, b) ALL, c) REF, d) MOIST, e) HEAT on December 31 at 14:30 AEDT.
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