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Abstract Smoke released from increasingly severe wildfires has exerted widening impacts on the climate,
ecosystem, and human life. Precisely quantifying these effects requires accurately representing smoke injection
height in climate and air quality models. However, existing parameterizations of smoke injection height often
diverge from actual observations, commonly underestimating smoke injection height from extreme burnings. In
this study, we improve a widely used smoke injection model by integrating two critical processes: aerosol
radiative absorption and atmospheric convection. The new parameterization, optimized and validated by
satellite measurements of smoke extinction profiles above active fires, achieves a 10% reduction in root mean
square error and an over 95% reduction in mean bias compared to its predecessor. Such improvements are
especially pronounced in tropical and shrubland‐dominated regions. This study underscores the critical role of
aerosol self‐lofting and convective processes in vertical dispersion of wildfire smoke, toward better quantifying
its climate and environmental effects.

Plain Language Summary Wildfires release smoke plumes containing particles and gases into the
atmosphere, impacting air quality, climate, and ecosystems. A key factor determining smoke's spatial dispersion
and multifaceted impact is how high it rises from flames into the atmosphere; but current smoke injection
models often fail to match real‐world observations, especially for those extremely elevated plumes. This study
introduces a new smoke injection model that incorporates two critical processes: the absorption of sunlight by
black carbon and the energy from atmospheric convection. Using satellite data and meteorological reanalysis,
we optimize and validate the model, which substantially outperforms its predecessor in estimating smoke plume
heights. The model reduces root mean square error by over 10% and improves accuracy for extreme smoke
injection events, especially in tropical and shrubland‐dominated regions. By accounting for additional smoke
rising forces from atmospheric convection and aerosol absorption, the new model accurately captures the
extreme smoke injections and provides a stronger foundation for quantifying the long‐range transport and
environmental impacts of wildfire emissions.

1. Introduction
Wildfire smokes play a critical role in the Earth system, influencing air quality, climate and ecosystem dynamics
on a global scale. Emissions from wildfires are a major source of trace gases and aerosols in the atmosphere,
significantly affecting air quality and posing risks to human health (Bourgeois et al., 2021; Koning et al., 1985).
These aerosols also alter the radiative budget (Heinold et al., 2022), thereby influencing climate variations such as
tropical Pacific cooling (Fasullo et al., 2023) and contributing to severe convective storms (Zhang et al., 2019).
Beyond atmospheric effects, wildfire aerosols also affect terrestrial and oceanic nutrient cycles, underscoring
their importance in the entire Earth system (Hamilton et al., 2022; Li et al., 2021).

The maximum altitude to which a wildfire plume is injected from the active flame, referred to as the wildfire
smoke injection height, along with the vertical distribution of aerosols and gases are key parameters for describing
the atmospheric dispersion of wildfire smoke. These parameters are also essential inputs for climate and air
quality models that aim to simulate the environmental effects of wildfire smoke. In particular, past studies have
demonstrated the key role of smoke injection height in the residence time of aerosols in the atmosphere, the extent
of their long‐range transport, and ultimately their environmental and climatic impacts (Kahn et al., 2007; Labonne
et al., 2007; Val Martin et al., 2018).

Current climate models often rely on empirical estimates to simulate wildfire smoke injection heights, typically
assuming a uniform vertical distribution from the surface to a predetermined height based on general factors. For
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instance, models participating in the Aerosol Inter Comparison Project Phase I (AeroCom‐I) assigned fixed
smoke heights for a specific latitude and landcover (Dentener et al., 2006). While some models set smoke top
heights at approximately 2 km (Davison et al., 2004), others, such as those focusing on Canadian wildfires,
estimate heights between 5 and 8 km (Westphal & Toon, 2012). However, actual smoke emission and distribution
depend heavily on wildfire intensity and concurrent meteorological conditions.

To improve model's simulations of wildfire smoke, dynamical smoke height models have been introduced. Freitas
et al. combined 1‐D plume uplift with a 3‐D dispersion to propose a dynamic smoke height model (Freitas
et al., 2007, 2010). Although this model has been refined and integrated into various climate models to study
wildfire smoke effects (Lu et al., 2023; Ma et al., 2024), it remains computationally intensive due to its reliance on
solving differential equations for individual wildfire events. Alternatively, Sofiev et al. (2012) developed a semi‐
empirical model based on energy balance during plume ascent. It achieved high accuracy with largely reduced
computational burden, but exhibited its own limitations. Specifically, the Sofiev model described vertical uplift
only due to initial energy release from burning, planetary boundary layer height, and free tropospheric stability,
while excluding other potentially influential processes. Additionally, the model parameters were estimated using
spatio‐temporally limited satellite data. These limitations caused an insufficient capability of the Sofiev model in
capturing the extremely high injection of smoke plumes (Paugam et al., 2016; Sofiev et al., 2012). Subsequent
applications of the Sofiev's smoke injection height model, in either observational diagnosis or numerical simu-
lations (Li et al., 2023; Sofiev et al., 2013; Veira et al., 2015), raised concerns about these uncertainties.

Recent case studies revealed additional processes that influence smoke injection heights. For example, de Laat
et al. (2012) first identified the smoke self‐lofting driven by aerosol absorption of solar radiation during the 2009
Australian Black Saturday event, followed by studies demonstrating such self‐lofting being responsible for
transporting smoke aerosols into the stratosphere (Khaykin et al., 2020; Ohneiser et al., 2023; Yu et al., 2019).
Concurrently, pyrocumulonimbus (pyroCb) events—extreme convective process triggered by wildfires—have
been increasingly observed. Under appropriate meteorological conditions, pyroCb can rapidly inject large vol-
umes of smoke to the tropopause or even the stratosphere, facilitating long‐range transport and influencing both
tropospheric and stratospheric environments (Peterson et al., 2018, 2021; Rodriguez et al., 2020; Rosenfeld
et al., 2007). Analogous to pyroCb events, ambient atmospheric convection could also lift smoke plumes to higher
altitudes. Nevertheless, despite their apparent contribution to extremely elevated smoke plumes, radiative ab-
sorption and convection have not been adequately represented in existing semi‐empirical models like the Sofiev
model.

Here we integrate the previously reported two critical processes: aerosol radiative absorption and atmospheric
convection, to improve the smoke injection height model developed by Sofiev et al. (2012). This model balances
theoretical rigor with computational efficiency, and is optimized with aerosol profiles measured by space‐borne
lidar.

2. Materials and Methods
2.1. Satellite‐Based Identification of Smoke Injection Height

We first retrieve smoke injection height from aerosol vertical profiles measured by Cloud‐Aerosol Lidar with
Orthogonal Polarization (CALIOP) aboard CALIPSO satellite (Kim et al., 2018; Powell et al., 2009). To collocate
with other data used here, three‐dimensional samples of extinction coefficient labeled by “smoke” and “elevated
smoke” aerosols are obtained from the CALIOP Level 2 Vertical Feature Mask product (VFM) and 532‐nm
Aerosol Profile products (version 4.51), horizontally aggregated to 0.1° × 0.1° grids, and vertically retained at
their original resolution.

We subsequently apply wavelet covariance transform method (WCT) (Huang et al., 2024; Michailidis
et al., 2021) to the gridded smoke extinction coefficient profiles to determine the smoke injection heights. The
WCT function is defined as

Wf(a,b) =
1
a
∫

zt

zb
f (z) h(

z − b
z
) dz, (1)
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where zb and zt represent the bottom and top height of the profile respectively, f (z) is profile function and h(z) is
the Haar wavelet, and parameter a is 30 times the vertical resolution. Smoke extinction coefficient profiles with a
smoke bottom height exceeding 150 m above ground, indicative of a non‐local source, or over 40%missing values
are excluded. The uppermost positive peak of WCT profile exceeding the threshold value 0.04 is defined as the
smoke plume top and its corresponding altitude is defined as the injection height.

To identify wildfire locations and obtain fire intensity, the Moderate Resolution Imaging Spectroradiometer
(MODIS) active fire and Fire Radiative Power (FRP) products (Giglio et al., 2016) are utilized. MODIS is an
instrument aboard the Terra and Aqua satellites, crossing the equator at around 10:30 a.m. local time (LT) and
1:30 p.m. LT, respectively. Since the afternoon overpass is closer to that of CALIPSO, only Aqua MODIS data is
used in the following analysis. Similar to the processing of CALIOP data, MODIS FRP is also aggregated by
0.1° × 0.1° grids.

Next we collocate CALIOP and MODIS measurements to establish an observational inventory of wildfire
smoke injection height. When CALIOP captures a valid smoke extinction profile within 0.2° of any 0.1° grid
that contains valid MODIS FRP, the smoke extinction coefficient profiles within the 1° × 1° grids centered on
the active fire point are horizontally averaged to obtain a spatially complete, vertical distribution of smoke
aerosols. This approach identifies 60,306 global smoke plumes captured by CALIOP for the periods 2008–
2018. Afterward, the abovementioned WCT method is applied to the average profile to calculate the smoke
injection height.

2.2. Improving the Semi‐Empirical Model for Smoke Injection Height

Our work is based on the simple model derived by Sofiev et al. (2012) of the form

Hp = αHabl + β(
FRP
Pf0

)

γ

exp(− δ
N2

FT
N2

0
), (2)

where

α = 0.24, β = 170 m, γ = 0.35, δ = 0.6. (3)

here, Habl represents the atmospheric boundary layer height; FRP characterizes the energy released by wildfire
combustion; NFT is the Brunt–Väisälä frequency at twice the boundary layer height, used to characterize the
stability of the atmospheric layer below; Pf0 = 1 × 106 W, N2

0 = 2.5 × 10− 4 s− 2 are two given empirical constants.
The parameters in Equation 3 were determined from the loss function

JR = ∑

Nfires

i=1
Θ(
⃒
⃒Hobs

p (i) − Hmdl
p (i)

⃒
⃒ − Δh),

Θ(x) = {
0, x≤ 0
1, x> 0 ,

(4)

where Hobs
p was the stereo height of North American and Siberian plumes (Nfires =∼2,000) during the 2007–

2008 fire seasons, measured by the Multi‐angel Imaging SpectroRadiometer (MISR) instrument and retrieved
by the MISR INteractive eXplorer (MINX) software (Nelson et al., 2013); Δhwas the observational error (500 m)
(Val Martin et al., 2018) of MISR stereo height.

To demonstrate the accuracy of Sofiev model in capturing the CALIOP‐based smoke height, we optimize the
parameters by minimizing the original loss function (Equation 4) withHobs

p from CALIOP‐based height and Δh of
150 m (5 times CALIOP vertical resolution). The optimization results in updated parameters of

α = 0.86, β = 100.2 m, γ = 0.25, δ = 0.49, (5)
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with Pf0 adjusted to 5 × 105 W. Using these updated parameters, this set of calculated heights provides the
benchmark for evaluating the model performance improvements by introducing an alternative loss function and
additional processes.

To develop an improved model, firstly, we use Root Mean Square Error (RMSE) as the new loss function. The
original loss function counted predictions outside the observational error range. However, it treated all fire events
equally, without measuring specific errors; so extreme errors, often associated with extremely elevated plumes,
were not accounted for in the model. In addition, here we use CALIOP‐based smoke height, which is better
capable of identifying diluted smoke edges than MISR as used in Sofiev et al. (2012) (Huang et al., 2024; Nelson
et al., 2013; Paugam et al., 2016; Tosca et al., 2011). Therefore, here we choose RMSE as the loss function,
formulated as

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
Nfires
i=1 (Hobs

p (i) − Hmdl
p (i))2

Nfires

√
√
√

. (6)

Subsequently, two additional physical processes that may enhance the lifting of smoke are considered. The first is
the radiative absorption by emitted aerosols, represented here by aerosol optical depth of black carbon (AODBC),
since BC is the primary absorbing aerosol in smoke. Given that the aerosol absorption effect supplies additional
energy for smoke lifting, AODBC is included following the FRP term, modifying the model formula to

Hp = αHabl + β(
FRP
Pf0

+ ε
AODBC

τ0
)

γ

exp(− δ
N2

FT
N2

0
), (7)

The second process is atmospheric convection. To quantify the potential for convection, convective available
potential energy (CAPE) is used as an indicator of atmospheric instability. While both CAPE and the Brunt–
Väisälä frequency can describe atmospheric instability, the latter only accounts for the influence of the potential
temperature profile, whereas CAPE considers humidity additionally. And since CAPE also quantifies the addi-
tional energy provided for smoke lifting during convection, it is incorporated into the model as a factor following
the FRP term, replacing the Brunt–Väisälä frequency term, as

Hp = αHabl + β(
FRP
Pf0

+ ε
AODBC

τ0
+ ω

CAPE
E0

)

γ

, (8)

with τ0 = 0.001 and E0 = 500 J kg− 1.

To more accurately account for convection effects, a “two‐step” model is developed based on Equation 8.
Convective available potential energy, by definition, influences the lifting of air parcels only when they reach the
level of free convection (LFC). Therefore, the “two‐step” model is structured as follows: first, a preliminary
heightHdetect is calculated. IfHdetect exceeds the LFC, CAPE is introduced in the calculation following Equation 8;
otherwise, CAPE is excluded and the injection height is calculated following Equation 7. Hdetect is calculated by
using Equation 8, with RMSE loss function—replacingHmdl

p (i) byHdetect(i) in Equation 5—for parameter fitting.
To better characterize the wildfire smoke capable of exceeding the LFC, smoke heights higher than the 75th
percentile in the current inventory are used as the training set for Hdetect.

In summary, the improved smoke injection height model is a “two‐step” model (Figure 1). Parameters for this
model are derived from minimizing RMSE against CALIPO‐observed smoke heights from CALIOP, using a
randomly selected 80% of observational data as the training set.

2.3. Data From ERA5 and EAC4

This study employs the European Center for Medium‐Range Weather Forecasts (ECMWF) Reanalysis v5
(ERA5) global reanalysis data set, specifically utilizing hourly temperature, geopotential, and relative humidity at
pressure levels, as well as boundary layer height and CAPE at single levels (Hersbach et al., 2023a, 2023b). The
data set is provided at a horizontal resolution of 0.25° × 0.25°, covering 1950 to present. In our work, boundary
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layer height and CAPE are directly integrated into the smoke injection height model, while temperature, geo-
potential, and relative humidity data are utilized in the computation of LFC.

The black carbon aerosol optical depth at 550 nm (AODBC) used in the improved model is sourced from the
ECMWF Atmospheric Composition Reanalysis 4 (EAC4). EAC4 assimilates modeled and observed atmospheric
composition globally (Inness et al., 2019). In particular, wildfire emissions based on MODIS FRP are estimated
by the Copernicus Atmosphere Monitoring Service (CAMS) Global Fire Assimilation System (Kaiser
et al., 2012) and used for subsequent simulation of all species including AODBC. EAC4 provides 3‐hourly
AODBC for the period from 2003 to present with a 0.75° × 0.75° horizontal resolution.

The average value of the meteorological field and the maximum value of boundary layer height, CAPE and
AODBC within 1° × 1° near the fire point are substituted into calculation.

3. Results
3.1. Improved Accuracy of the New Smoke Injection Height Model

The observational smoke injection heights (Figure 2a), detected from CALIOP and retrieved using the algorithm
outlined in Section 2.1, capture the global distribution of smoke injection height, similar to MISR stereo height as
widely analyzed in previous studies (Kahn et al., 2007; Paugam et al., 2016; Val Martin et al., 2010) but with
generally greater values (Figure S1 in Supporting Information S1). The maximum observed height exceeds
6,000 m a.m.s.l (Figure 2a), indicating that CALIOP, despite its sparse coverage, is able to pick up extreme
wildfire events with high injections. Elevated smoke injections are primarily observed in the tropics of Africa and
Asia, while a smaller proportion is detected over North America. Possible reasons for greater smoke heights in
CALIOP than in MISR are: (a) CALIOP measures daytime aerosols at about 1:30 p.m. LT, three hours later than
MISR, thus allowing for further development of smoke plumes especially with afternoon atmospheric convection,
and (b) CALIOP is more capable than the MISR stereo product at detecting optically thin aerosol layers, such as
those found over the top edges of smoke (Figure S1c in Supporting Information S1).

The new two‐step model achieves minor bias reduction by adopting RMSE as the loss function and major im-
provements by incorporating AODBC and CAPE, against the original Sofiev model (Figure 2). A comparison

Figure 1. Flowchart of model development demonstrating the model structure and optimized value of the parameters.
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between the Sofiev model optimized using the original and RMSE‐based loss function indicates improved
simulation in the high injection cases especially those exceeding 4,000 m and an average bias reduction over
100 m by the RMSE‐based Sofiev model (Figures 2d and 2e). Compared with the RMSE‐based Sofiev model
(Figure 2e), the two‐step model (Figure 2f) achieves further skills, evidently diminishing the overestimation for
smoke injection heights below 2,000 m and underestimation for smoke heights above 3,000 m (Figure 2f).
Notable bias reduction exceeding 1,500 m are observed in the tropical South America, Africa, and Asia, as well as
in the boreal Eurasia and North America (Figure 2c). Additional sensitivity tests indicate a reduction in RMSE
and mean bias by 65 and 33 m, respectively, introduced by AODBC; whereas CAPE causes 48 and 227 m re-
ductions in these error metrics (Table S1 in Supporting Information S1).

Such improvements by incorporating AODBC and CAPE in the two‐step model are particularly evident in extreme
smoke injection events in which aerosol absorption and ambient convection have been reported as key factors
lifting the smoke plumes (Figure 3). In the August 2010 Brazilian fires, the CALIOP measurements indicate
widespread smoke plumes rising to about 4,000 m (Gonzalez‐Alonso et al., 2019), partially attributable to the

Figure 2. Observed and simulated smoke injection heights. (a) CALIOP‐observed smoke injection heights (meters above mean sea level, m a.m.s.l.). (b) Calculated
heights from the two‐step model (m a.m.s.l). (c) Bias reduction from the Sofiev model optimized using CALIOP‐based heights and Equation 4 to the new two‐step
model. The bias reduction is quantified as the difference of the absolute biases between the two models. Results are averaged over 1° × 1° global grids, with only grids
showing consistent bias changes (increase or decrease) in over 90% of cases being displayed. (d–f) Joint probability density functions of observed versus simulated
smoke injection heights from (d, e) Sofiev model optimized using the (d) original and (e) RMSE‐based loss functions, and (f) two‐step model. These results are derived
from the full data set, encompassing both training and testing sets.
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abundant CAPE exceeding 1204 J kg− 1. While the RMSE‐based Sofiev model underestimates the injection height
by about 500 m, the new two‐step model well captures these elevated smoke plumes (Figure 3b). Similarly, the
two‐step model reproduces the smoke height at about 5,000 m during the August 2021 Central Siberian fires
(Figures 3c and 3d), in which a smoke layer with AODBC of ∼0.1 introduced an additional lofting velocity of
∼1.5 km day− 1 in the lower troposphere (Ohneiser et al., 2023).

3.2. Contribution of Pyrogenic Factors and Ambient Convection to Smoke Injection Height

Sensitivity tests are conducted to quantify the contribution of pyrogenic factors, namely FRP and AODBC, and
CAPE in the simulated smoke injection heights (Figure 4). The aggregated influence of FRP and AODBC widely
exceeds 1,500 m in both the tropics and mid‐to‐high latitudes (Figure 4a). Different land cover types see generally
∼103 m of smoke lifting caused by pyrogenic thermal and radiative effects, with slightly greater contributions in
shrubland‐dominated areas (Figure 4b). In contrast, the impact of CAPE is predominantly concentrated in tropical
regions (30°S–30°N), where over 8% of cases see a nontrivial contribution of CAPE, in contrast to 4% of
nontrivial CAPE contribution in the extratropics (Figure 4d). Effects of CAPE are particularly evident in the
equatorial regions, where CAPE causes an extra smoke ascent by over 500 m (Figure 4c). This pattern aligns with
the higher likelihood of strong convective activity occurring in tropical regions. Quantitatively, CAPE contributes

Figure 3. Improved accuracy of the two‐step model against the RMSE‐based Sofiev model during (a, b) Brazil fires on 25
August 2010, and (c, d) Central Siberian fires on 5 August 2021. (a, c) Aqua Moderate Resolution Imaging
Spectroradiometer (MODIS) true color image overlayed by Aqua MODIS daytime fire spots (orange points) and CALIPSO
Orbit Track (red line). (b, d) Profiles of aerosol type along the CALIPSO track from the Cloud‐Aerosol Lidar with
Orthogonal Polarization VFM product, with the extinction coefficient indicated by transparency of the colorblocks. Red,
blue, and indigo dots indicate the CALIOP‐observed, Sofiev model‐simulated, and two‐step model‐simulated heights,
respectively. The red lines on the x‐axis of (b, d) correspond to the track in (a, c). The star on the x‐axis of (d) corresponds to
the same marker in (c).
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∼102 m of additional smoke lifting, with an average (± standard deviation) contribution of 217 (±74) m in the
tropics and a wider range of contribution at 158 (±80) m in the extratropics (Figure 4d).

4. Conclusion and Discussion
On the basis of Sofiev smoke injection model, here we introduce two additional processes: aerosol radiation
absorption and atmospheric convection, and optimize the parameterization by minimizing the RMSE against
CALIOP‐based smoke injection height. Compared to the original model, our new “two‐step” model achieves a
10% reduction in RMSE and over 95% decrease in mean bias. The extreme smoke injection cases and sensitivity
experiments demonstrate the substantial impacts of black carbon and CAPE on the accuracy of smoke injection
height simulations. The new two‐step model developed in this study could be applied directly in smoke height
diagnosis and potentially useful in Earth System modeling. Based on sensitivity experiments within the two‐step
model, pyrogenic factors, namely fire radiative and thermodynamic effects, and ambient convection lift smoke
plumes by ∼103 and ∼102 m, respectively.

Despite the significant advancements of the two‐step smoke injection height model, several sources of uncertainty
remain in the present study. First, the currently analyzed satellite data collection provides a spatio‐temporally
insufficient sample of smoke injection height. Although CALIOP has better sensitivity to optically thin smoke
layers compared with MISR, its narrow horizontal footprint (Powell et al., 2009) leads to limited sampling,
especially underrepresenting the relatively rare, extreme smoke lifting events. Meanwhile, the currently analyzed
polar‐orbiting satellite instruments, namely MODIS and CALIOP, only present snapshots of wildfires and
associated smoke, leading to vague time scales of the smoke development and possible mismatch between the
CALIOP‐observed smoke plume and MODIS‐observed FRP within the currently analyzed 1° pixels. Although
our additional test of restricting the collocation to 0.5° pixels shows generally consistent smoke heights with that
in 1° pixels (Figure S2 in Supporting Information S1), possible extension of spatial and temporal coverage of
CALIOP‐like measurements will unfold a dynamical picture of smoke injection processes. Second, the current
formulation using AODBC is applicable for diagnosing smoke injection height from satellite data but

Figure 4. Sensitivity of smoke injection height to pyrogenic factors (Fire Radiative Power (FRP) and AODBC) and convective available potential energy (CAPE) as
simulated by the new two‐step smoke injection model. (a) Map showing the difference in simulated smoke height between using the actual FRP and AODBC and using
zero for both variables. (b) Violin plots of the results in (a) for croplands, grasslands, shrublands, savannas and forests, with color indicating the proportion of all cases
falling into each land cover type; numbers represent the average and standard deviation in black carbon's contribution to smoke injection (m) among cases for each land
cover type; (c) As in (a), but for the CAPE term. (d) Violin plots of the results in (c) tropical (30°S–30°N) and extratropical regions in which CAPE makes a nontrivial
contribution to the injection height. The color of the violins in (d) indicate the percentage of cases where CAPE makes a nontrivial contribution.
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inappropriate for chemical transport or climate models, which usually simulate AODBC using injection height as
an input. We choose AODBC due to the dependence of BC emission on FRP in currently available data sets; such
collinearity prohibits an assessment of their respective contribution to smoke lifting. Yet, the currently adopted
AODBC also partially depends on FRP, preventing a definite evaluation of BC‐induced self‐lofting. Future im-
provements and expanded application of the smoke injection model will benefit from spatio‐temporally
continuous monitoring of smoke injection process along with accurate aerosol emission quantification.

Our results emphasize the intricate interactions between black carbon emission, ambient convection, and smoke
injection heights. For example, intensified convection not only promotes higher smoke injections but also serves
as a precursor for lightning ignition and low‐level oxygen convergence (Su et al., 2025). These multi‐way in-
fluences of convection suggest a possibly promoted smoke height injected from the increasingly stronger
extratropical forest fires with stronger convection under global warming (Janssen et al., 2023; Meng et al., 2025).

Data Availability Statement
The ERA5 data on pressure level and single level are available through (Hersbach et al., 2023a) (https://doi.org/
10.24381/cds.bd0915c6) and (Hersbach et al., 2023b) (https://doi.org/10.24381/cds.adbb2d47), respectively. The
CALIOP Level 2 Vertical Feature Mask product is available through (NASA/LARC/SD/ASDC, 2022b) (https://
doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_VFM‐Standard‐V4‐51) and Aerosol Profile product is
available through (NASA/LARC/SD/ASDC, 2022a) (https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_
L2_05kmAPro‐Standard‐V4‐51). The EAC4 CAMS data is available from (Copernicus Atmosphere Monitoring
Service, 2020) (https://doi.org/10.24381/d58bbf47). The MISR Plume Height Project 2 data is achieved from
software available at https://l0dup05.larc.nasa.gov/merlin/merlin. The MODIS Collection Active Fire Detections
is obtained from (Giglio & Justice, 2021). The necessary code is available via Zenodo (Xu, 2025) (https://doi.org/
10.5281/zenodo.15527018).
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