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Abstract wildfires inject aerosols into the atmosphere at varying altitudes, modifying long-range transport,
which impacts Earth's climate system and air quality. Most global climate models use prescribed fixed-height
injections, not accounting for the dynamic variability of wildfires. In this study, we enhance the injection
method of biomass burning aerosols implemented in the Geophysical Fluid Dynamic Laboratory's Atmospheric
Model version 4.0, shifting to a more mechanistic approach. We test several injection height schemes to assess
their impact on the Earth's radiation budget by performing 18-year global simulations. Comparison of modeled
injection height from the mechanistic scheme with observations indicates error within instrumental uncertainty
(less than 500 m). Aerosol Optical Depth is systematically underestimated due to biases in the emission data set,
but the mechanistic scheme significantly reduces this bias by up to 0.5 optical depth units during extreme
wildfire seasons over boreal forests. In term of the vertical profile of the aerosol extinction coefficient, a
comparison with satellite observations indicates significant improvement below 4 km altitude. Dynamic
injection of biomass burning emissions changed the net clear-sky radiative flux at top of the atmosphere
regionally (+1.5 Wm™2) and reduced it by —0.38 Wm™ at the surface globally, relative to a baseline with no
fire emissions. The temperature gradient anomaly associated with the dynamic injection of absorbing aerosols
affects the atmospheric stability and circulation patterns. This study highlights the need to implement dynamic
injection of fire emissions to simulate more accurately the atmospheric distribution of aerosols and their
interactions with Earth's climate system.

Plain Language Summary Wildfires influence climate by emitting aerosols into the Earth's
atmosphere. These aerosols reflect and absorb sunlight, which perturbs the Earth's radiation budget. The present
work involves the replacement of fixed-height injection of aerosols from wildfires by a mechanistic scheme,
which depends on atmospheric stability and fire radiative power. We included this new injection scheme into
GFDL's AM4.0 model to account for spatial and temporal variability of wildfire intensities. This allowed us to
simulate the aerosol distribution more consistently. The comparison of our model's results with satellite data
indicates satisfactory results with marginal error of less than 500 m. The major effects of this scheme are to
change the aerosol extinction profiles, which affects radiative fluxes by +1.5 Wm™ regionally at top of the
atmosphere and by —0.38 Wm™? globally at surface. These atmospheric perturbations change temperature
profiles which induce anomalies in atmospheric circulation.

1. Introduction

Wildfires affect the Earth's climate systems through complex mechanisms starting with the aerosol emission into
the atmosphere. These past few years have witnessed a surge in wildfire intensity and frequency in some regions,
largely attributed to global warming and anthropogenic activities (Ford et al., 2018; IPCC, 2022; Westerling et al.,
2006; Yu et al., 2021). Aerosols emitted by fires affect climate by altering absorption and scattering of solar
radiation (Veira, Kloster, Schutgens, & Kaiser, 2015), atmospheric stability (Dowdy & Pepler, 2018), circulation
patterns (Tosca et al., 2013; Yasunari et al., 2021), and precipitation dynamics (Jiang et al., 2020). These BB
aerosols may feed back on fire emissions through climate adjustments, impacting photosynthetic efficiency
(Malavelle et al., 2019). Fire aerosols also provide important sources of soluble iron that fertilize the ocean
(Mahowald et al., 2017) and Light Absorbing Particles that decrease snow albedo (Flanner et al., 2007, 2009). In
addition, gaseous compounds emitted by fires influence tropospheric ozone levels and may substantially affect
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the atmosphere's oxidizing capacity (Jaffe & Wigder, 2012; Xu et al., 2021). Therefore, understanding the
complex interactions of fire-emitted aerosols and trace gases within the Earth's components (atmosphere, ocean,
and cryosphere) is a significant factor to properly simulate the coupled climate-carbon cycle with Global Cir-
culation Models (GCMs).

One of the factors affecting wildfire-climate interactions in GCMs is smoke plume injection height. During a
wildfire, plumes of aerosols arise by buoyancy flux induced by the convective heat generated by fire itself
(Paugam et al., 2016). Once the updraft stabilizes, it detrains aerosols at a certain altitude in the atmosphere, which
is referred to as the smoke plume injection height or injection height. There have been several attempts to
calculate fire injection heights in chemical transport models and GCMs (Paugam et al., 2016). Methods of
simulating injection are either empirical (Briggs, 1984), deterministic (Freitas et al., 2007; Rio et al., 2010; Sofiev
et al., 2012), or statistical (Val Martin et al., 2012). A deterministic approach with dynamic variability is more
desirable in coupled climate models since the information from a fire model can be coupled to the atmosphere to
understand the land-atmosphere interactions. The significant variability and sensitivity of fire emissions strongly
influences smoke plume behaviors, affecting their duration, chemical transformations, and ultimately the radi-
ative budget (Lu et al., 2024). Initially, Briggs (1984) developed a simple parametrization linking smoke plume
height to buoyancy flux using experimental data. Advancing further, Freitas et al. (2007) created a detailed plume
rise model that solves vertical momentum, thermodynamics, and water phase continuity equations, but its
buoyancy heat flux calculations from fires make it computationally demanding. On the other hand, Sofiev
et al. (2012) developed a semi-empirical deterministic approach for plume dynamics that is physics-based and
computationally efficient, using a unique equation based on Fire Radiative Power (FRP) and atmospheric stability
to determine plume injection height. This method, ideal for large-scale climate models due to its lower
computational needs, relies heavily on high-quality input data for accurate results.

The need to move from a fixed injection height method (Dentener et al., 2006) to a dynamic and deterministic
injection scheme has been discussed in literature. For example, an integration of Sofiev's parameterization into
atmospheric general circulation model revealed that 5.2 + 1.0% of BB aerosols reach the free troposphere with a
radiative forcing (RF) of —0.20 £ 0.07 Wm™?2 (Veira, Kloster, Schutgens, & Kaiser, 2015). Similarly, Rémy
etal. (2017) used daily fire injection data from the Global Fire Assimilation System in the Composition Integrated
Forecasting System, enhancing the accuracy of aerosol extinction profiles. Furthermore, deterministic schemes,
when applied in regional community chemical transport models, showed promising results in predicting fire
plume timing and location (Li et al., 2023; Pouyaei et al., 2023; Ye et al., 2021). Menut et al. (2021, 2018)
implemented a modified version of the Sofiev scheme into a chemistry-transport model focusing on Central
African BB emissions and showing distinct pollutant pathways depending on emission altitude. Moreover, Zhu
et al. (2018) implemented the monthly gridded injection heights provided by statistical analysis of Multi-angle
Imaging SpectroRadiometer (MISR) plume heights (Martin et al., 2018) into the GEOS-Chem model and
showed improvements in simulation of monthly mean surface carbon monoxide during periods of large wildfires.
Different injection schemes can variably impact surface concentrations of particulate matter, and therefore the
exceedance level of air quality standards, affecting early warning of extreme air pollution episodes at local levels
during large wildfire events (Li et al., 2023). In a recent work, Lu et al. (2024) incorporated the Freitas plume-rise
model into the DOE's Energy Exascale Earth System Model Version 1 (E3SMv1) and found a larger carbona-
ceous aerosol burden, leading to 0.13 W m™2 warming at the TOA compared to the default E3SMv1 injection
method. These findings highlight the essential role of plume height parametrization in enhancing the accuracy and
effectiveness of both regional and global climate models.

Building on the importance of accurate plume height parametrization, it's crucial to address the uncertainties
within these schemes as significant underestimation of simulated plume height is observed in the earlier empirical
schemes compared to MISR measurements (Raffuse et al., 2012). For example, the Sofiev scheme's exclusion of
factors like fire size, wind drag, and entrainment influences plume heights estimations (Freitas et al., 2007, 2010;
Rioetal.,2010). Additionally, Val Martin et al. (2012) highlighted the Freitas scheme's low sensitivity to fire area
and heat flux, suggesting that a simplified relationship between FRP and atmospheric stability could be effective
for plume height parametrization in wildfire scenarios. Besides, its requirement for calculating injection height for
each fire through numerical integration of a system of equations renders this approach computationally intensive
(Guan et al., 2008). Furthermore, the Freitas scheme can overestimate fire radiative flux by up to 25 times,
especially in forest fires, leading to an overestimation of wildfire smoke injection into the free troposphere (Thapa
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et al., 2022). Despite these uncertainties associated with injection schemes, they offer significant advantages over
fixed injection height models.

Implementing a mechanistic plume injection scheme is crucial for advancing efforts toward interactive modeling
of wildfires aerosol in the Earth's climate system (Fasullo et al., 2023; Lawrence et al., 2019) and improving air
quality forecasting (Li et al., 2023). This integration, which includes fire emission calculations and injection
heights, stems from the growing interest on understanding of chemistry-climate interactions and their impact on
future climate projections (Levy, Horowitz, et al., 2013; Rabin et al., 2017; Ramanathan et al., 1987). The
Geophysical Fluid Dynamics Laboratory's (GFDL) AM4.0/LM4.0 model (Zhao et al., 2018a), which is included
in the GFDL Coupled Model CM4 (Held et al., 2019), participated in the sixth Coupled Model Intercomparison
Project (Eyring et al., 2016). It uses fixed injection heights for fire emissions from trace gases and carbonaceous
aerosols (Dentener et al., 2006), and a simple planetary boundary layer (PBL) injection for BB SO, emissions.
Our overall modeling objective is to first replace the existing static injection scheme by a computationally
efficient mechanistic scheme, which will be followed by its implementation into the dynamic fire model of
GFDL's Land Model version 4 (LM4) (Ward et al., 2018; Xie et al., 2022).

To this end, we implemented the mechanistic Sofiev injection scheme along with surface injection, and fixed
height injection into GFDL's AM4.0 model and ran an 18-year simulation (2003-2020) to understand the impact
of wildfire injection height on vertical profiles of aerosol concentrations and direct radiative effects. We discuss
the methods and data used in the study in Section 2. Section 3 provides a description on the experimental design
setup. In Sections 4 and 5, we compare the vertical distribution and optical properties of aerosols with satellite
retrievals and in-situ observations. In Section 6, we analyze the impact of the injection scheme on the global
distribution of extinction profiles and aerosol layer height. Section 7 analyzes the impact of dynamic injection on
the radiation budget and Section 8 examines its climate response. Our research aims to significantly enhance the
understanding of BB aerosol injection in climate models, contributing to more accurate climate projections.

2. Methods and Data

In this section, we discuss the model that we used as the basis for our analysis. Next, we provide general
description of observation data sets used for model evaluation and for experimental design. Then we discuss the
Sofiev plume injection scheme which was selected to simulate mechanistic integration of plume heights.

2.1. AM4.0 Model Description

GFDL's AM4.0 is the fourth-generation global atmospheric model, developed as part of the GFDL efforts toward
coupled Earth system modeling. The AM4.0 model was developed based on the previous-generation AM3.0 and
HiRAM models (Donner et al., 2011; Zhao et al., 2009). Its dynamical core is a hydrostatic version of GFDL's
Finite-Volume Cubed-Sphere Dynamical Core (FV3) (Harris & Lin, 2013). The horizontal grid uses cubed-
sphere topology of 6 faces with 96 X 96 grid boxes per cube face (approximately 100 km grid size). The num-
ber of vertical levels is set at 33, with relatively crude resolution of the stratosphere with model top at 1 hPa (Zhao
et al., 2018b). The model results are saved either daily (aerosol properties) or monthly (climate properties).

The model has a bulk aerosol representation, including black carbon (BC), organic carbon (OC), sulfate, mineral
dust, and sea salt. The size distribution of BC, OC, and sulfate aerosol types are prescribed as lognormal, however,
for dust and sea salt it is discretized into five bins from 0.1 to 10 pm radius. The concentrations of aerosols
(including BB aerosols) are calculated based on their emissions (and precursor emissions), chemical production
for sulfate and secondary organic aerosols (SOA), dry and wet depositions, transport by advection, and dry and
wet convection. Black carbon and primary OC are converted from hydrophobic to hydrophilic state with an e-
folding time of 1.44 days. Chemical production of sulfate is calculated using a monthly mean 20-year clima-
tology of oxidants simulated by AM3 (Naik et al., 2013), which was done using the MOZART comprehensive
mechanism of ozone chemistry (Horowitz et al., 2003). Natural terrestrial SOA are formed directly from biogenic
terpene emissions, with a variable yield factor ranging from 0.11 per molecule at latitudes below 20° to 0.55 at the
poles (Donner et al., 2011). Oceanic SOA is produced based on the organic sea-spray source function described
by O’Dowd et al. (2008). Anthropogenic SOA, meanwhile, is generated from the oxidation of 10% of climato-
logical butane by hydroxyl radicals (Donner et al., 2011). Detailed description of the cloud microphysics and
convection scheme can be found in Guo et al. (2021, 2022) and Zhao et al. (2018b). To avoid the need for long
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spin-ups to equilibrate the vegetation state, we assume static vegetation for present climate as simulated by the
AMA4.0 historical run from CMIP6.

The model simulations for BB aerosol injection experiments are performed following the Atmospheric Model
Intercomparison Project (AMIP) experimental protocols (Gates, 1992) for years 2003-2020, using updated daily
BB emissions for BC, OC and sulfur dioxide (SO,) from Global Fire Emissions Database (GFED) version 4.1s
(Randerson et al., 2015), with horizontal wind components nudged to the National Centers for Environmental
Prediction (NCEP) global reanalysis data set (NCEP/NCAR Global Reanalysis Products, 1948-continuing
[Dataset], 2024) using a relaxation method, with the relaxation timescale being 6 hr (Li et al., 2008). This
particular model setup has been designed to allow consistent evaluation with observations on synoptic time scales.
We also performed experiments without any nudging to study the fast climate response. The period 2003-2020
was selected to encompass a range of varying BB activities (e.g., associated with different ENSO phases), and to
align with the availability of key observational data sets. In AMIP mode, the model is driven by time-varying
boundary conditions, and natural and anthropogenic forcings developed in support of CMIP-6 (Eyring
etal., 2016), extended for 2015-onward by SSP2-4.5 scenario. Observed gridded sea surface temperature and sea-
ice concentration boundary conditions following the reconstruction methodology of Taylor et al. (2000). For
radiation calculations, global monthly mean concentrations of greenhouse gases (GHGs) are specified from
Meinshausen et al. (2017). The shortwave and longwave radiation algorithms are described by Zhao
et al. (2018b). Here, briefly, aerosols interact with radiation through three optical properties: the extinction co-
efficient, the single scattering albedo, and the asymmetry parameter. These parameters are precalculated using a
Mie code at multiple wavelengths from Lyman-alpha to microwave. For hygroscopic particles, the size variation
with relative humidity is precalculated from the deliquescence point to 97% relative humidity. In addition, we
assume internal mixing of sulfate with BC by considering a volume-weighted average of their refractive indices.
The values of optical depth and single scattering albedo are extracted at different wavelengths in the visible for
comparison with observations (e.g., 440 nm for AERONET, 550 nm for Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) and MODIS).

In the original AM4.0 configuration of Zhao et al. (2018a), BB aerosol injection is treated inconsistently between
aerosols. The BB emissions of carbonaceous aerosols (BC and OC) were injected following the AeroCom III
project recommendations to distribute emission into 6 different altitude bands depending on wildland fire location
and type (Dentener et al., 2006). According to AeroCom III recommendations, fire emissions were continuously
injected: below 1 km altitude for tropical regions, below 2 km altitude for temperate regions, 40% in 2-3 km
altitude while 60% below 2 km altitude for Boreal Eurasia region, and 40% in 3-6 km altitude while 60% below
3 km altitude for Boreal Canada (see Table 4 in Dentener et al., 2006). Instead of using the same vertical dis-
tribution of emission for all aerosols emitted by BB, SO, was uniformly distributed throughout the diagnosed
PBL. This static representation of aerosol injection missed the variability associated with wildfires and atmo-
spheric conditions. The vertical profile of BB aerosol emissions is crucial as it directly influences aerosol
transport and atmospheric lifetime, their function as cloud condensation nuclei and ice-nucleating particles
(altering global cloud patterns), and, consequently, impacts RF calculations.

2.2. MODIS Aerosol Optical Depth and Fire Radiative Power

We used MODIS Terra level-3 gridded Collection 6.1 aerosol products, in particular the quality-assured merged
land and ocean Aerosol Optical Depth (AOD) at 550 nm (Sayer et al., 2014) for validating modeled AOD. The
estimated uncertainty of retrieved AOD depends on the retrieval algorithm. For the Dark Target algorithm, Levy,
Mattoo, et al. (2013) provide an uncertainty of 0.05 £ 0.15%*AOD, and for the Deep Blue algorithm, Sayer
et al. (2014) give an estimated error of 0.09 + 0.56*AOD. Moreover, we used fire intensity information from the
MODIS sensor onboard NASA Terra/Aqua for input to our dynamic injection scheme. As a proxy for fire in-
tensity, we extracted the FRP values from the Fire Information for Resource Management Systems (FIRMS),
which provides daily global active fire product from Terra (10:30 a.m. local overpass time) and Aqua (1:30 p.m.
local overpass time) satellites (MODIS/Terra Thermal Anomalies/Fire Daily L3 Global 1 km SIN Grid V061
[Data set]). The global active fire product is calculated based on MODIS Thermal Anomalies and Fire Daily
Version 6.1 data at 1 km spatial resolution (Giglio et al., 2016).

We resampled the FRP values on a 1.0 by 1.25° resolution grid, which is close to AM4.0's resolution, as input for
the plume height calculations. To keep track of the variability of FRP between 1-km MODIS data and the much
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Figure 1. 99th percentile MODIS fire radiative power values for extreme wildfires and the regions where the extreme wildfires mostly happen.

coarser model grid, we calculated different percentiles of FRP values (10th, 25th, 50th, 75th, 90th, and 99th
percentile) within each model grid. To analyze the most prominent impacts from BB emission injections we
defined regions with sustained extreme wildfires with at least five continuous days of 99th percentile of FRP
values above 500 Megawatts. Through visual inspection we selected eight different regions with sustained
extreme wildfires (Figure 1). Our analysis of the FRP percentiles for all BB regions (Figure S1 in Supporting
Information S1) show that North America, Australia, and Congo have higher FRP values for the 75th, 90th, and
99th percentiles than other regions.

2.3. AERONET Aerosol Optical Depth

To account for the temporal changes in optical properties caused by BB aerosols and extract the most dominant
changes from aerosol injection in various wildfire seasons, we used quality-assured daily extinction coefficient
level 2 retrievals at 440 nm from the Aerosol Robotic Network (AERONET) version 3 database for the period of
2003-2020 (Sinyuk et al., 2020). The AERONET global network provides direct Sun measurements via radi-
ometers every 15 min at various nominal wavelengths. The estimated uncertainty in AOD measurements is
primarily due to calibration uncertainty ranging ~0.010 to 0.021 for field instruments (Giles et al., 2019).
AERONET data, with its high temporal resolution in AOD measurements, complements MODIS data for vali-
dating our model simulations.

2.4. CALIPSO Extinction Coefficient

To directly evaluate the vertical distribution of aerosol injection, we compare our simulated extinction profile at
550 nm with quality-screened cloud-free gridded monthly extinction profile at 532 nm derived from the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) measurements retrieved by the CALIOP
instrument (Tackett et al., 2018). All level 3 parameters are derived from the version 4-20 level 2 of this data set
which is available from June 2006 until July 2020 (CALIPSO Lidar Level 3 Tropospheric Aerosol Profiles, Cloud
Free Data, Standard V4-20 [Data set]).
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2.5. MISR Plume Height Project

The Multi-angle Imaging SpectroRadiometer (MISR) instrument on the NASA Terra satellite provides a unique
opportunity for acquiring global multiangle imagery especially focused on wildfire smoke plumes. By using an
interactive visualization code called MISR INteractive eXploer (MINX), users can extract wildfire plume heights.
The MISR Plume Height Project is a publicly available database of wildfire smoke plume heights generated by
MINX software (MISR, 2023). This database has plume height and other fire related information from wildfires
during 2008-2011 and summers of 2017 and 2018, in addition to other plumes which have been provided since.
The database has been widely used to validate plume rise models and study the dynamics of fires (e.g., Raffuse
et al., 2012; Sofiev et al., 2012; Val Martin et al., 2012). We extracted the plume height data and used the
maximum plume heights in our study (MISR, 2023). Although MISR's local passing time is around 10:30 a.m.
before the early afternoon peak intensity of wildfires (Val Martin et al., 2010), it serves as a vital and reliable
validation tool, allowing us to benchmark the accuracy of injection height predictions against observed data.

2.6. Sofiev Injection Height Scheme

For this research, we use the Sofiev et al. (2012) scheme to parametrize plume injection height in AM4.0. The
Sofiev scheme predicts wildfire plume heights using three input variables: PBL height, FRP, and Brunt-Viisila
frequency in the free troposphere. By calibrating parameters with MISR plume height project data set, they
introduced the following generic formula:

FRP\’
H, = aHy, + ﬂ<P_f0> exp(—0Nf/Ng) €))

a is the part of the PBL which passes into plume height calculation, § constraints the share of the contribution of
the fire intensity, Py, is constant reference fire power (10° W), y determines the power-law dependence on FRP, &
defines the dependency on stability in free troposphere (which is represented by the squared Brunt-Viisilda
frequency, N%T), and N% is the reference value for squared Brunt-Viisild frequency (2.5 x 107* s72). The
calibration gave the following parameters:

a=024, f=170m, y=0.35 6=06 2
In addition, Sofiev et al. (2012) introduced a two-step mechanism for parameters in an attempt to reduce biases
from plume height predictions compared to MISR plume heights. The first step uses the parameter values given in

2. In the second step, the height is recalculated based on the following parameters, depending on if the result from
first equations is above or below PBL height:

For PBL plumes:

a=0.15 p=102m, y=049, 5=0.0 3)
And for FT plumes:

a=093, f=298m, y=0.13, §=0.7 )]
Following the works from Veira, Kloster, Wilkenskjeld, and Remy (2015) and Menut et al. (2021), we also

experimented with an empirical correction of FRP from MODIS data in the case of strong fires (Peterson
et al., 2013, 2014) by scaling the calculated plume Hp with an ad hoc Hge, altitude:

H &
FRP orrected = FRP X ( H . ) 5)
deep
Hgeep =1500m, £=0.5 (6)

This method checks if the calculated plume (H,,) is higher than Hgep; if 50, it recalculates the plume height with

the corrected FRP via Equation 2. In our implementation, H,, and Niy are calculated online within the AM4.0
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Figure 2. Scale-aware emission distribution; step 1: extract all the MODIS fires in model grid, step 2: sort Fire Radiative Power values and retrieve 10th, 25th, 50th, 75th,
90th, and 99th percentiles to calculate plume top height for each group, step 3: vertically distribute emission for each calculated height and then give corresponding share
to each group. The resulting fire emission profile for the model grid would be the integrated emission rate for all the groups at various heights (the black line).

model and updated at each model time step (i.e., 30 min). In addition, we use the retrieved daily observed FRP

percentiles as input and do not consider the diurnal variation of FRP.

2.7. Implementing Injection Schemes in AM4.0

After calculating injection height, the emissions are distributed vertically into the appropriate model layers.
Similar to Veira, Kloster, Wilkenskjeld, and Remy (2015) we applied a constant mass mixing ratio tendency from
the surface to the top of the plume. The inputs fields of the Sofiev scheme include the resampled MODIS FRP
from Terra/Aqua, the model PBL height, surface pressure, and temperature profile. Another important aspect of
the emission distribution for fires is the sub-grid heterogeneity of fires in each model grid. To consider the
heterogeneity of fires within each model grid, we consider FRP values from different percentiles when per-
forming the Sofiev plume height calculation. We used the 10", 25th, 50th, 75th, 90th, and 99th percentile values
to calculate six plume height values and distribute them based on their share from the total grid area (i.e.,
assuming fires are distributed evenly within each percentile range in a grid cell, the shares are allocated as follows:
10% for the 0-10th percentile, 15% for the 10th-25th percentile, 25% each for the 25th—-50th and 50th—75th
percentiles, 15% for the 75th-90th percentile, and 10% for the 90th-99th percentile). This is done for each
grid cell to achieve a scale-aware distribution of injected aerosols in coarse grid cells of the climate model.
Figure 2 shows a schematic of the scale-aware emission distribution process. The implementation in AM4.0
included modifications of the aerosol module to account for plume height calculation and emission distribution.

3. Experimental Design

We conducted a set of sensitivity experiments comparing the default AM4.0 BB plume injection scheme (see
Section 2.1), with the Sofiev parametrization with different configurations (see Section 2.6) as well as other
parametrizations such as surface injection. The detailed description of each experiment is provided in Table 1. In

Table 1
List of Experiments Using Various Injection Height Schemes and Biomass Burning (BB) Emissions

SO, BB injection

BB emissions

Experiments Carbonaceous BB injection

GFEDA4.1s daily
GFED4.1s daily

AM4_default Fixed height (Dentener et al., 2006) In PBL

Sofiev_orig

Sofiev_sfrp

Sofiev_2step
Surface_inj

AM4_nofire

Sofiev scheme (Equations 1 and 2)

Sofiev + subgrid FRP recalculation
(Equation 1 + Equations 5 and 6)

Two-step Sofiev method (Equations 1-4)
Injected to surface layer

No BB injection

GFED4.1s daily

GFED4.1s daily
GFED4.1s daily

No BB emission
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Figure 3. Boxplots of different versions of Sofiev method and default AM4.0 in comparison with MISR plume height project observation data set for each region
(numbers on top are median absolute error between injection schemes and observed data set).

this section, we compare the calculated plume height of the different versions of the Sofiev scheme with those
from the MISR Plume Height project.

The results are screened to select cases of extreme wildfires, as described in Section 2.2. Figure 3 provides
statistics related to plume injection heights for each experiment, and MISR data for the 8 different regions of
sustained extreme wildfires (Figure 1). The most striking result is the excessive plume height when using a fixed
altitude of injection over high-latitude regions (i.e., BONA, WTNA, SIBE). Beside these regions, most experi-
ments provide results consistent with MISR data, except in Sudan-Guinea region (i.e., SDNG) where MISR has
much higher plume heights and spread. Furthermore, the original and sfrp-corrected Sofiev schemes provide
similar results, however, the 2-step method (i.e., Sofiev 2-step) systematically underestimates plume height and
variability. Achieving better accuracy would require the incorporation of additional factors, such as aerosol
absorption (Ohneiser et al., 2023) and convection (Ma et al., 2024), to more effectively capture high-altitude
injections (e.g., pyroCbs). Overall, the original Sofiev method covers most of the spread and provides satisfac-
tory agreement with MISR observations. Since the differences between the various Sofiev modifications were
minimal, we will only focus on comparing the AM4_default, Sofiev_orig, Surface_inj, and AM4_nofire ex-
periments with observations.

4. Vertical Profiles of Carbonaceous Aerosols

In this section, the 18-year mean vertical profiles of black and OC concentrations from the different experiments
are compared. Figure 4 shows concentrations of BC over each BB region. As expected, aerosol concentrations are
dramatically higher in all experiments with BB emissions than in AM4_nofire. The differences between injection

POUYAEI ET AL.

8 of 25



M\I Journal of Advances in Modeling Earth Systems 10.1029/2024MS004407
(a) BONA (b) WTNA (c) AMZN
10 4 10 4 10 4
T 4] £ ] £ ]
X X, ] X 47
v 5 0] [ ]
© © 1 ©
2 2 2 27
2 14 2 2 =
< E < < 14
] 1 ] ;
I I I I I I I I I I
0.00 0.02 0.04 0.000 0.025 0.050 0.075 0.0 0.1 0.2
conc. (pg m—3) conc. (ug m~3) conc. (ug m~3)
(d) SDNG (e) CNGO (f) SIBE
1047 10 o 10 A
11 i ]
§ ] § 4 § 4]
) w 7 ) i
T 2 o T o4
> > >
= 5 2 i=
< 17 < < 14
17
T T T T T T T T T
0.00 0.25 0.50 0.75 0.0 0.2 0.4 0.00 0.05
conc. (pug m=3) conc. (pg m=3) conc. (ug m=3)
(9) SEAS (h) AUST
1047 10
= 1| = 47 Experiments
~ 44 X 24 —— AM4_default
s 3 1- Sofiev_orig
.g 2 g 3 —— Surface_inj
< < AM4_nofire
1 7
I I I I I I I
0.00 0.25 0.50 0.75 0.00 0.02 0.04
conc. (ng m—3) conc. (pg m—3)

Figure 4. Black carbon concentration vertical profiles for various experiments over extreme wildfire regions.

schemes are also significant at the 90% level in all the regions. This is true for each wildfire region except
Southeast Asia for two main reasons: First, the share of fire-emitted aerosols in Southeast Asia compared to
anthropogenic aerosols is marginal (Permadi et al., 2018). Second, convective updrafts effectively suck aerosols
out of the boundary layer to the upper troposphere where they are transported to downwind regions (Liu
et al., 2020; Pouyaei et al., 2021). Implementation of a mechanistic emission distribution changes the vertical
profile significantly. The most significant differences are for altitudes below 6 km. Surface injection keeps most
of the concentrations near the surface, therefore we see lower concentrations in the free troposphere. The Sofiev
experiment shows marginally higher concentrations in the free troposphere than with surface injection but follows
a similar profile (as opposed to profiles from fixed injection height in AM4_default). This is because the dynamic
injection uses PBL height as an input, and during the nighttime the height of the stable boundary layer is usually
close to the surface, while during daytime it doesn't develop extensively over these regions. BB aerosols injected
to lower model layers are more likely to be removed by dry deposition. The 18-year mean of various Sofiev
parametrizations yields similar vertical profiles of aerosol for most of the regions. The difference between ex-
periments is more dominant in boreal North America, Amazon, Siberia and Australia, with persistent presence of
wildfires and greater values of FRP. Organic carbon concentrations show similar profiles as BC with less
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variability between experiments (Figure S2 in Supporting Information S1). The weak difference between OC
concentrations profiles for various experiments in regions like Amazon, Southeast Asia, and Australia is most
likely due to their low share of BB emissions compared to other anthropogenic and biogenic sources. In addition,
we compared BC and OC concentrations with Particle Analysis by Laser Mass Spectrometry (PALMS) instru-
ment during the four ATom campaigns from 2016 to 2018 (Figure S3 in Supporting Information S1; Froyd
et al., 2021). In our analysis, we found similar profiles for all experiments (~+0.1 ugm™ differences), because
first, flight paths were chosen mostly over the ocean to analyze the background concentrations, and second, no
extreme BB episodes were sampled during the flights.

5. Aerosol Optical Depth
5.1. Comparison With MODIS AOD

In this section, we evaluate the 18-year mean modeled AOD with MODIS retrieved AOD for different BB in-
jection experiments. Figure 5 shows the 18-year mean of AOD simulated with the original Sofiev scheme
(Sofiev_orig), and the difference of AOD across experiments and MODIS retrieved AOD. Panel (a) shows the
simulated AOD with Sofiev_orig experiment. The mean AOD in the wildfire regions varies between ~0.15
(Amazon forests) and ~0.27 (Congo forests). The main difference between these results and MODIS observations
(Figure 5b) is over Africa where AOD is largely underestimated with a mean bias of —0.34. This is 3 times higher
than the global mean bias (—0.09). These underpredictions are mostly attributed to the BB emissions from GFED
inventory, as discussed by Pan et al. (2020). Central Africa is also the region with the highest level of AOD
(~0.09) associated with BB as shown in Figure Sc. But the contribution of BB to AOD is also apparent in the
Amazon forests, Siberia, North America and equatorial Asia, although with lower value around 0.05. Although
globally the contribution of BB to total AOD is almost 7%, over tropical forest of central Africa, almost 33% of
AOD is from BB (Figure 5c). Figure 5d shows that the main impact on AOD after replacing the injection from
surface emission to Sofiev is an overall increase of about 7.2% when comparing to increase from BB emissions.
The largest increases are in the tropical forest of South America, South Africa and South-east Asia, with
maximum value around 0.01. Such increase may have been significantly higher if not due to the very low bias of
GFED BB emission (Pan et al., 2020). Our analysis on the Congo forests and outflow region (Figure S4 in
Supporting Information S1) shows that the overall impact of Sofiev scheme is more pronounced if the BB
emissions and injection height are simultaneously high (for high FRP values if the emissions were doubled the
AOD differences would become at least 30% larger). Figure Se shows that inaccurate continuous injection of BB
emissions to fixed altitudes (as previously discussed in Section 3), increase the lifetime of aerosols globally,
especially in BB regions and their downwind areas, leading to negative bias between Sofiev_orig and
AM4_default (e.g., Congo and outflow observed almost 6% higher AOD than Sofiev dynamic injection).

Comparing the AOD bias for each experiment relative to MODIS data as a function of FRP shows a systematic
dependency of bias under conditions with large FRP values (Figure S5 in Supporting Information S1). Over
tropical Africa, we see a sudden large increase of bias (~0.2) similar for all experiments when FRP is greater than
1 GW. To a much less extent, similar increase of bias for high FRP appears in Southeast Asia and Australia. In
addition, all statistical measures of bias are almost identical between experiments. This indicates that AOD bias is
weakly related to the injection scheme and the large uncertainty in simulated AOD is due to the fire emission
inventory bias.

5.2. Comparison With AERONET AOD

With direct measurement of AOD by sun photometers, the estimated error of AOD from AERONET is at least
half the error associated with MODIS retrievals. Comparison with AERONET data provides more accurate
comparison but is representative of a limited area. This section focuses on comparing seasonal variation of AOD
at the AERONET sites located in the extreme wildfire regions (Figure S6 in Supporting Information S1). Figure 6
shows the AOD bias for three experiments and for two extreme wildfire seasons per region. Overall, the Sofiev
scheme largely decreases the different statistical measures of bias relative to methods using fixed injection height,
either at the surface (Surface_inj) or at different altitudes (AM4_default). The comparison is quantified in Table 2,
showing that the Sofiev scheme has a lower absolute median bias (0.059) than others (0.064-0.065). The largest
bias in Figure 6 is associated with wildfires in the North America boreal forests during summer 2017. The record-
breaking 2017 summertime wildfire season in Canada, with more than 9,000 square kilometers burned (Coogan
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Figure 5. 2003-2020 averaged aerosol optical depth comparison between experiments and observation: (a) Sofiev_orig experiment; (b) the difference between
Sofiev_orig and MODIS measurements; (c) The difference between Sofiev_orig and AM4_nofire experiment; (d) the difference between Sofiev_orig and Surface_inj;
and (e) the difference between Sofiev_orig and AM4_default. The left corner box shows mean, minimum and maximum values for globe, and the right corner dashed red
box shows the mean value for Congo forests and outflow region.

etal., 2019), observed an extremely large reduction in AOD bias by Sofiev injection (median difference of —0.5).
Depending on the accuracy of BB emissions, the Sofiev injection scheme tends to reduce the biases. The reduction
in bias is evident in all regions while comparing Sofiev with Surface injection. However, in the case of the 2020
extreme Australian wildfires, there is the conjunction of a large overestimation of BB emission and slight positive
bias of Sofiev scheme. For the two most extreme wildfire seasons in all the regions (shown in Figure 6), the Sofiev
scheme similarly produced better estimations of AOD with biases 10% lower than AM4_default (0.105 compared
to 0.114). The contribution of aerosol species to total AOD for the extreme wildfire seasons in each region (Figure
S7 in Supporting Information S1) shows a significant amount of AOD is attributed to primary organic aerosol and
sulfate, and then SOA. Minor fractions of BC (below 5%) are observed in boreal North America, Amazon, Sudan
Guinea, Congo, Southeast Asia, and Australia. In our simulations, total AOD over Australia is dominated by dust
during the extreme wildfires (possibly one of the reasons for opposite response in reducing AOD bias of this
region). The selected Australian domain includes multiple sources of aerosol but is dominated by dust and BB
aerosols. The dry season in Australia is also the period of intense dust activity around the Lake Eyre region, while
wildfires are essentially located in northern Australia (Yu & Ginoux, 2021).

6. Vertical Profiles of Aerosol Extinction

In this section, we analyze the vertical profile of the aerosol extinction coefficient from each experiment and
compare it to CALIOP observations and examine the global spatial distribution of extinction-weighted aerosol
heights, as a metric for aerosol vertical distribution after Koffi et al. (2012). To ensure a robust comparison and to
focus our analysis on BB-derived aerosols, we select the daily vertical profiles from the model corresponding to
extreme wildfire events (wildfires with at least five continuous days of 99th percentile of FRP values above
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Figure 6. Simulated Aerosol Optical Depth bias, relative to AERONET sun photometer data, for three experiments and during two extreme seasons over eight sustained
wildfire regions.

Table 2
Statistical Analysis of Biases for Modeled Aerosol Optical Depth (AOD) Versus AERONET AOD for Extreme Wildfires Seasons

Absolute median bias of 2003-2018 extreme seasons per region (not Absolute median bias of the two most extreme seasons per region (as shown in

Experiment shown) Figure 6)
AM4_default 0.065 0.114
Surface_inj 0.064 0.118
Sofiev_orig 0.059 0.105
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Figure 7. Vertical profiles of extinction coefficient (km™") from the surface to 6 km altitude from three experiments and Cloud-Aerosol Lidar with Orthogonal
Polarization measurements collocated in time and averaged over 8 sustained wildfire regions.

500 MW). Figure 7 shows the extinction profiles of three experiments and CALIOP observations over the eight
selected wildfire domains. Near the surface, the bias is the largest without indication of systematic bias. The
largest biases are over the boreal forest of North America (panel a) and Siberia (panel f) especially in lower
altitudes (less than 4 km). The almost 50% reduction in bias in the Sofiev experiments versus AM4_default over
boreal regions (shown with blue dashed box in panels a and f) in the free troposphere between 1 and 4 km altitude
is attributed to the Sofiev parametrization's ability to inject the aerosols to the correct altitude. Western temperate
North America, East Africa, and Australia share a smooth profile following the CALIOP observations (panels b,
d, and h). However, Congo, Southeast Asia, and partly Amazon, show a bell-shaped profile for CALIOP
compared to smooth model profiles (shown with red dashed box in panels c, e, and g). The difference between
model and observation in the mentioned regions is rooted in the complexity of cloud processes (e.g., model's
positive bias in precipitation leads to higher washout of aerosols) and of the secondary aerosol formation (e.g.,
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Figure 8. Extinction-weighted height (EWH) calculated by (a) the Cloud-Aerosol Lidar with Orthogonal Polarization 532 nm extinction profiles, (b) the Sofiev_orig
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model neglects the effect of variable oxidant levels on both reaction rates and yields of SOA formation) (Andreae
et al., 2001; Guo et al., 2021; Kelly et al., 2018; Koffi et al., 2012).

To analyze the spatial distribution of aerosol vertical profiles, Koffi et al. (2012) suggested the use of extinction-
weighted height (EWH), which was later adopted by multiple studies (e.g., Chimot et al., 2018; Liu et al., 2019;
Nanda et al., 2020). EWH is the mean of aerosol layer height weighted by the extinction of each layer. It rep-
resents a characteristic height of the column AOD, and is given by the following equation,

EWH =
Z,’Ll B(z)

)

where f(z;) is the aerosol extinction coefficient at vertical layer defined by its mid-altitude, z;. Figure 8 panels (a)
and (b), shows EWH extracted from CALIOP retrieval and the Sofiev experiment. We focused on EWH extracted
from O to 6 km altitude, because most of the aerosol load is concentrated in this altitude range. Furthermore, the
CALIOP instrument systematically misses high-altitude aerosols (also shown in Figure 7) due to its extinction
coefficient detection limit of ~0.01-0.015 km™! (Koffi et al., 2012). The model overestimates EWH by ~600 m
on average compared with CALIOP consistent with the previously reported ~1 km overestimation of EWH from
AeroCom models (Koffi et al., 2012). There is a clear meridional variation with negative bias in the tropics
changing to a positive bias when moving to higher latitudes. The positive bias in northern hemisphere (which is
largely contributed by sulfate extinction, Figure 8d) is mainly due to a combination of too effective vertical
mixing (either from low vertical resolution or from convective mixing), and too little removal of aerosols. The
positive bias in EWH over the ocean is largely contributed by sea salt which is missed by CALIOP-derived
aerosol extinction profile due to inherent limitations and uncertainties in measurements (Figure 8d). The nega-
tive bias in BB regions (such as Congo and northern Australia) could be explained by emission inventory bias and
potentially low secondary aerosol formation, which was also observed from the discrepancies in the shape of
vertical extinction profiles in Figure 7. Furthermore, the negative biases in EWH (Figure 8c), which predomi-
nantly coincide with regions where OC/BC are the largest contributors to total extinction (Figure 8d), are also
located in equatorial areas characterized by high convective activity. This overlap suggests that a combination of
biases in emission inventories and inaccuracies in convective processes and precipitation (Guo et al., 2021; Zhao
et al., 2018a) may prevent aerosols from reaching higher altitudes or may remove them through wet-deposition
process, thereby reducing their atmospheric lifetime and resulting in lower EWH values.
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Figure 9. The relationship between extinction-weighted height difference of Sofiev method and Cloud-Aerosol Lidar with Orthogonal Polarization observations (y-axis)
with monthly mean Aerosol Optical Depth values (x-axis) and monthly fire radiative power values (colorbar) for three globally averaged latitude ranges: (a) 30° North to
60° North, (b) 0°-30° North, and (c) 30° South to 0°.

To better understand the meridional variation of EWH bias, the EWH difference is plotted as a function of AOD
and by range of FRP over 3 regions: 30°-60° North (NH mid-latitudes), equator to 30° North (NH tropics), and
30° South to equator (SH tropics). In NH mid-latitudes and NH tropics (Figures 9a and 9b), the higher the AOD,
the higher is the bias. The relationship appears to be independent of FRP intensity and can be attributed to the
significant contribution of anthropogenic and dust aerosols in these regions (Figure 8d). On the other hand, the
EWH difference in the SH tropics (Figure 9c), which is mostly contributed by BB aerosols (Figure 8d), is lower
(mean ~278 m compared to ~858 m in NH mid-latitudes) and low/high FRP values are clustered. Comparing the
values categorized by the regions with the largest contributor to total extinction (Table S1 in Supporting Infor-
mation S1) also shows that BC/OC dominant region have the lowest bias and highest FRP. Results from this
analysis further confirms that uncertainties in the BB inventory affect not only the aerosol load but their vertical
profile, and consequently their lifetime in the atmosphere.
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Figure 10. Clear-sky radiative flux anomalies (shortwave/SW: first row; longwave/LW: second row; NET: third row) at top-of-the-atmosphere (TOA) with AM4_nofire
as control experiment for Surface_inj experiment (panels a-c-e) and Sofiev_orig experiment (panels b-d-f). Hatched area are insignificant points according to 90%
significance level. The statistics provided in the lower left corner are global mean values.

7. Radiative Impacts of Biomass Burning Injection

Introducing BB injection schemes into the AM4.0 climate model affects the aerosol optical properties as pre-
viously discussed, therefore affecting the radiative budget through shortwave (SW) and longwave (LW) in-
teractions. Here, we analyze the radiative impacts of the surface injection and Sofiev injection on the radiation
budget relative to the case of AM4.0 without BB emissions (AM4_nofire). This analysis will provide the overall
radiative impact from BB aerosols with surface injection in the climate model (Surface_inj minus AM4_nofire),
and radiative impact from BB aerosols with dynamic injection (Sofiev_orig minus AM4_nofire). The simulations
in this section are free running simulations (18-year simulations without nudging, using similar inputs and
configurations as those discussed previously) to assure the consistency between fast atmospheric and land
response. We focus on clear-sky (free of clouds) radiative fluxes for SW, LW, and NET (SW + LW) for more
clarity, focusing on direct rather than indirect radiative effects from BB aerosols.

Figures 10 and 11 show the anomalies in radiative fluxes (SW, LW, and NET) under clear-sky conditions between
Surface_inj and AM4_nofire (panels a-d-g) and between Sofiev_orig and AM4_nofire (panels b-e-h) at top of the
atmosphere (TOA) and surface (SFC), respectively. Hatched lines show anomalies which are statistically non-
significant (below 90% significance level based on the Student's 7 test). The regions with significant clear-sky
SW radiative perturbations at TOA due to BB are limited to tropical Africa and Southeast Asia. The clear-sky
SW radiative cooling from BB aerosol emission is of the order of —1.5 Wm™? in those regions, with either sur-
face injection or dynamic vertical injection. No other regions show significant response in clear-sky radiative
fluxes. Presence of BB smoke aerosols results in decrease of sunlight shortwave radiation reaching to the ground,
which leads to a cooling effect near and downwind of BB regions (Li et al., 2022). On the other hand, longwave
forcing has more significant points, usually with an opposite sign compared to SW. The clear-sky radiative effect
anomaly associated with dynamic injection shows a more negative LW flux largely in boreal North America, boreal
Asia, equatorial Asia, and central Africa. The region with the most anomalous positive difference from dynamic
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Figure 11. Clear-sky radiative flux anomalies (shortwave/SW: first row; longwave/LW: second row; NET: third row) at surface (SFC) with AM4_nofire as control
experiment for Surface_inj experiment (panels a-c-e) and Sofiev_orig experiment (panels b-d-f). Hatched area are insignificant points according to 90% significance
level. The statistics provided in the lower left corner are global mean values.

injection are northern Africa, South Asia, and northern Australia. The anomalies in clear-sky radiative flux at the
TOA (Figure 10) show a strong correlation with changes in aerosol optical depth (AOD; Figures S8b and S8c in
Supporting Information S1). Biomass burning (BB) emissions release both absorbing aerosols, such as BC, and
scattering aerosols, including OA and sulfate, into the atmosphere. These aerosols influence atmospheric circu-
lation patterns, such as near-surface wind strength and direction, and contribute to changes in dust loading. In
wildfire regions, AOD anomalies are predominantly driven by OA, followed by sulfate and BC, while in the Sahara,
dust aerosols dominate (Figure S9 in Supporting Information S1). The increased loading of BB and dust aerosols
enhances both the absorptivity (i.e., increase absorption AOD as shown in Figures S8e and S8f in Supporting
Information S1) and the AOD of the atmosphere (Figures S8b and S8c in Supporting Information S1). However, the
net radiative effect under clear-sky conditions also depends on the surface albedo of the regions where aerosols are
distributed. Over the Saharan desert, the increase in AOD leads to a warming effect (Figures 10e and 10f) due to the
darker appearance of absorbing aerosols over the highly reflective desert surface (Li et al., 2022; Thorsen
et al., 2020). Conversely, in BB regions, increased AOD results in negative clear-sky radiative effects (cooling).
This follows the general principle that higher AOD is associated with greater aerosol-induced cooling (Thorsen
et al., 2020). Moreover, the changes in clear-sky direct radiative effects in high latitude regions (e.g., Siberia) are
correlated with the changes caused by BB aerosols to surface albedo (Figures S8h and S8i in Supporting Infor-
mation S1). Overall, the Sofiev_orig anomaly showed —0.11 Wm™? in global mean NET clear-sky TOA effect
versus AM4_nofire, compared to an anomaly of —0.07 Wm™> from Surface_inj, indicating an overall cooling
response from wildfires and a larger cooling response from dynamic injection compared to surface injection.

Backscattering and absorption by BB aerosols reduce SW fluxes at the surface, causing a significant cooling at the
surface (see BB regions in Figures 11a and 11b). The cooling effect from dynamic injection is stronger in
Indonesia (possibly because combination of higher injection heights and strong convective updrafts in this region
increases BB aerosols lifetime in the atmosphere) and Siberia (due to increase in surface albedo, compare Figures
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Figure 12. First row: Zonally averaged vertical velocity (—dp/dt) and meridional winds overlayed by temperature difference for (a) Amazon, (b) Congo, and

(c) Australia. Second row: Temperature tendency from model processes including dynamics (tdt_dyn), convection (tdt_conv), stratocumulus clouds (tdt_strat),
shortwave radiation (tdt_sw), longwave radiation (tdt_lw), vertical diffusion (tdt_vdif), and other physical processes (tdt_othr) for (d) Amazon, (e) Congo, and
(f) Australia. All variables are the 18-year fire season (JJASON) mean of the Sofiev_orig model experiment.

S8h and S8i in Supporting Information S1). The clear-sky LW anomalies have similar patterns for both exper-
iments with opposite sign in most regions inside the equatorial zone. NET SFC clear-sky global mean flux in-
dicates stronger cooling over surface for dynamic injection (—0.38 Wm™2) compared to surface injection
(—0.33 Wm™?). Major BB regions, such as Congo forests, boreal Asia, and Amazon forests have a NET cooling
effect at the land surface, indicating an increase in low-level thermodynamic stability (Randles & Ram-
aswamy, 2010). Interestingly, as opposed to other major BB regions, northern Australia shows a different pattern
in the Sofiev experiment (a positive NET surface radiative flux). The all-sky radiative fluxes for TOA and SFC are
also presented in Figures S10 and S11 in Supporting Information S1 for reference (supplement document). The
all-sky SFC flux anomalies show more pronounced differences between the two experiments in the northern
Australia region affecting temperature profiles in the atmosphere. The seasonal variation in AOD, absorption
AOD (AAOD), surface albedo, and clear-sky TOA net radiative flux, as shown in Figure S12 in Supporting
Information S1, highlights how the region and strength of fire aerosols' influence on the atmosphere vary across
seasons. Examining AOD and AAOD indicates that the strongest impacts occur in June—July—August for boreal
regions, the Congo region, and the Amazon, whereas September—October—November shows significant effects in
the Amazon, Equatorial Asia, and Northern Australia. Analyzing the climate response to fires by averaging data
from June to November provides a clearer picture of the strong direct impacts of fire aerosols, which will be
explored in the next section.

8. Climate Response to Biomass Burning Injection

In this section, we investigate the climate response to radiative perturbations due to BB aerosols using Sofiev
injection scheme. Figure 12 shows the fire season (June, July, August, September, October, and November) mean
state of the zonally averaged meridional circulation pattern, temperature, and temperature tendency profiles over
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Figure 13. First row: Zonally averaged change in vertical velocity (—dp/dr) and meridional winds overlayed by temperature difference for (a) Amazon, (b) Congo, and
(c) Australia. Second row: Temperature tendency difference from model processes including dynamics (tdt_dyn), convection (tdt_conv), stratocumulus clouds
(tdt_strat), shortwave radiation (tdt_sw), longwave radiation (tdt_Iw), vertical diffusion (tdt_vdif), and other physical processes (tdt_othr) for (d) Amazon, (e) Congo,
and (f) Australia. All variables are the 18-year fire season (JJASON) mean for difference between Sofiev_orig and Surface_inj experiments.

three regions: Australia and the Amazon and Congo forests. We focused on the average of the specified months,
as these months exhibit the most significant impact from fire aerosols (Shown in Figure S12 in Supporting
Information S1).

The ascending portion of the Hadley circulation is positioned at different latitudes for each region, and it varies
meridionally throughout the year. The upward motion of air due to convergence near the equator and descent at
10°-30° South are observed. The mean state of circulation patterns and temperature are similar for the three
regions. The second row of Figure 12 shows the corresponding regionally averaged fire season mean state of
temperature tendency. The temperature tendency refers to the mean rate of temperature change for each of the
following process simulated by the model at each time step (30 min): Shortwave (tdz_sw) increases temperature in
all levels due to absorption; Longwave (tdt_lw) decreases temperature in all levels cooling down Earth's atmo-
sphere by emitting radiation to outer space; Vertical diffusion (¢#dt_vdif) plays an important role close to surface by
mixing the positive heat exchange from surface to the atmosphere; Convective clouds (tdf_conv) always increase
the temperature by the heat release from condensation process; Stratocumulus clouds (fdt_strat) increase the
temperature in the middle to upper troposphere due to heat release but decrease temperature by evaporation in the
lower troposphere; and lastly dynamics (tdz_dyn) decreases the temperature near the surface while increases the
temperature in higher altitudes reflecting the adiabatic cooling/warming associated with ascent/descent.

Figure 13 is similar to Figure 12, but it represents the anomalies between Sofiev_orig and Surface_inj experi-
ments during the fire season. This figure aims to identify the dominant processes driving changes in circulation
patterns and diagnose the mechanisms behind changes in atmospheric temperature when fire aerosols are
dynamically emitted in various altitudes compared to emissions at the surface. We specifically focused on the fire
season because the strongest direct impacts of fires on the climate are observed during these months (see Figure
S12e and 12i in Supporting Information S1). Over the Amazon forests, a weak negative temperature anomaly is
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observed from ~400 to ~1000mb in 20°S-30°S latitude range, while in Congo region a strong positive tem-
perature anomaly is observed between ~400 and ~800mb in 20°S-30°S range, as well as near the surface in
10°S-20°S range (Figures 13a and 13b). The wind anomalies in both the Amazon and Congo regions oppose the
Hadley cell's circulation patterns, with the Amazon displaying a stronger wind anomaly signal. Over Australia, a
more pronounced temperature anomaly of 0.5 K is observed near the surface at 25°S—-30°S range, extending to
higher altitudes, up to ~500mb at 30°S (Figure 13c). In fact, this large temperature gradient induces an upward
vertical motion response, invigorating the descent portion of Hadley cell circulation. The large anomaly in
vertical motion could also be an indicator for the instability of the environment in this region. The temperature
tendency anomaly for Amazon at different pressure levels (Figure 13d) shows that dynamic injection of fire
aerosols reduces convective and stratocumulus clouds, leading to less heat release from cloud condensation
process (cooling). It also increases the cooling effect from longwave between ~800 and ~400mb, while causing a
warming effect from dynamic processes. Near the surface, stronger ascent (cooling from dynamics) and increased
vertical diffusion of surface heat are observed. Overall, the profile indicates a cooling response in the atmosphere
due to dynamic injection. Conversely, the overall temperature tendency anomaly for the Congo region shows a
weak cooling response from dynamic injection at TOA and a strong warming response at lower atmospheric level
(Figure 13e). Dynamic injection of fire aerosols in the Congo reduces stratocumulus clouds throughout the at-
mosphere and convective clouds near the surface while enhancing high-altitude convection. The pattern of
temperature tendency change for longwave radiation highlights the effects of dynamic injection on the aerosol
profile in the atmosphere. Near the surface and at very high altitudes, tdr_othr signals dominate, representing
other processes in the model that influence temperature, such as atmospheric turbulent processes. On the other
hand, Australia shows slightly stronger response from processes in terms of magnitude (Figure 13f). Vertical
diffusion cools the atmosphere meaning less mixing of the heat flux near the surface. Reduced convective and
stratocumulus clouds cool the atmosphere, while near-surface stratocumulus clouds contribute to warming. The
low-level positive anomaly (warming) for stratocumulus clouds is an indication of less heat consumption by
evaporation. Indeed, high injection of BB aerosols in this region reduced the convective activity and cloud cover,
as well as shortwave absorption and longwave cooling in higher altitudes. Other processes, such as turbulent
processes in the PBL, contribute to increased near-surface temperature. Positive anomalies for dynamics in the
~700—~300mb altitude range reflect how vertical and horizontal air parcel movements contribute to warming,
demonstrating the compensatory effects of winds in this region. The injection of more BB aerosols to higher
altitudes in Australia results in pronounced heating effects. This mechanism affecting temperature profile in
southern hemisphere is consistent for all other BB regions and it is largely dependent on the state of cooling/
warming at the surface, cloud cover, and circulation patterns in the region.

9. Summary and Conclusions

In this study, we replaced the fixed BB injection scheme of Dentener et al. (2006) in GFDL's AM4.0 model with
an implementation of various injection schemes, including Sofiev's deterministic scheme. Using MODIS FRP
data, we selected eight regions with sustained extreme wildfires which provide a strong signal to compare each
scheme with observations. The BB emission of aerosols is driven by the time series of GFED4.1s emission in-
ventory. The dynamic Sofiev scheme is driven by simulated atmospheric stability and observed FRP from
MODIS data. For comparison with observations, the GFDL AM4.0 model is run for 18 years (2003—2020) in
AMIP mode with winds nudged toward NCEP reanalysis. The overall comparison of calculated injection heights
from Sofiev methods with plume heights observed from MISR data showed a median absolute error less than
500 m in most wildfire regions. This result indicates the scheme's robustness in simulating wildfire plume dy-
namics. The vertical profiles of carbonaceous aerosols showed relatively marginal differences in various alti-
tudes. The major uncertainty appears in the comparison of AOD with MODIS observations where AOD over
Africa and East Asia is largely underestimated. Further analysis of AOD bias reveals that it is only weakly related
to the injection scheme but strongly related to BB emission being underestimated by the GFEDA4.1 inventory.
Overall, the Sofiev scheme largely decreases the model bias relative to AERONET sunphotometer data compared
to methods using fixed injection height, either at the surface (Surface_inj) or at different altitudes (AM4_default).
The comparison of extinction profiles showed that use of the Sofiev scheme reduces model bias by up to almost
50% over boreal regions in the free troposphere between 1 and 4 km. In addition to testing various injection height
methods (i.e., Sofiev_orig, Surface_inj, and AM4_default), we conducted an experiment without fire aerosol
emissions (AM4_nofire) to isolate the specific effects of fire emissions on aerosol profiles and climate. Lastly, the
quantitative analysis of radiative impacts of injection height schemes showed a significant impact on regional and
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local climates, affecting the temperature profiles and vertical motion. The dynamic injection of BB aerosols
produces a global clear-sky NET cooling effect at TOA of —0.11 Wm™>, and a clear-sky NET surface cooling
effect of —0.38 Wm™2. The temperature gradient from warming the upper troposphere and cooling the surface by
dynamic injection compared to surface injection induces compensating wind and climate responses. The climate
response from dynamic injection during fire season was very strong over Australia and Congo because of the large
temperature gradient in the region accompanied by atmospheric instabilities.

In conclusion, this study has highlighted the significance of integrating wildfire injection height into climate
system models to represent more realistically the vertical distribution of BB aerosols and their radiative effects.
Utilizing GFDL's AM4.0 model, our research underscores the adequacy of the mechanistic semi-empirical Sofiev
injection parametrization for broad-scale aerosol-climate interactions. Moving forward the following un-
certainties and developments will be addressed:

¢ In our calculations of plume height, we apply a uniform daily value for each FRP. Although the influence of
diurnal variability of fires on climate may be considered negligible (Veira, Kloster, Wilkenskjeld, &
Remy, 2015), the current uniform methodology requires refinement to incorporate the diurnal variability. This
is supported by existing research, which highlights the significance of integrating the fire diurnal cycle into
estimates of BB emissions (Li et al., 2019). Furthermore, it is important to acknowledge the uncertainties
associated with current methods, including the application of a fixed Gaussian distribution to model the fire
diurnal cycle, indicating that this area of research remains active within the scientific community (Andela
et al., 2015; Li et al., 2019; Zheng et al., 2021).

o The next step in our research involves the implementation of the Sofiev injection methodology within a version
of our atmospheric model incorporating comprehensive atmospheric chemistry mechanisms (AM4.1). The
significance of applying a full-chemistry model lies in its ability to assess the climatological and air quality
impacts resulting from the emission of chemical species by intense BB. Previous studies have already estab-
lished the critical role of BB emissions in influencing downwind ozone levels and particulate matter concen-
trations (Palm et al., 2020; Pouyaei et al., 2023; Xu et al., 2021; Ye et al., 2021). By integrating a dynamic
injection approach, we aim to enhance the accuracy of simulations regarding the air quality effects of wildfires,
thereby offering more realistic insights into their implications under the evolving conditions of our climate.

¢ We further plan to incorporate interactive estimations of fire emissions and fire smoke injection from our
dynamic land component (LM4) within our ESM4 Earth system modeling framework. Such advancements
will foster a more comprehensive and interactive approach using information from dynamic fire within LM4
(Rabin et al., 2018), to simulate the atmosphere-vegetation couplings in Earth's climate system and biogeo-
chemical cycles. An interactive land-fire-atmosphere model is required to fully represent the effects from BB
aerosols on the climate system, light-absorbing aerosols on snow/ice albedo (Qian et al., 2015), pyrogenic
soluble iron on oceanic phytoplankton activates (Ito et al., 2019), and the feedback from these responses on the
land. The need for emission-driven climate simulations, which allow for assessing amplification effects of
biogeochemical feedbacks (e.g., when climate influences the carbon cycle, producing more climate change,
and further influencing carbon cycle), has also been emphasized in the Scenario Model Intercomparison
Project (ScenarioMIP) as well as other CMIP6-endorsed MIPs (O’Neill et al., 2016).

Data Availability Statement

The data set used for evaluation of the model was accessed through NASA archives; MODIS AOD (MODIS/Terra
Aerosol Cloud Water Vapor Ozone Daily L3 Global 1Deg CMG - LAADS DAAC [Dataset], 2024), AERONET
AQOD (Aerosol Robotic Network (AERONET) Version 3 AOD Level 2 [Dataset], 2024), CALIPSO extinction
profiles (Tackett et al., 2018), MISR plume height project (MISR, 2023). The FRP data set which was used as an
input for the model was accessed from FIRMS (Fire Information for Resource Management System - NASA |
LANCE | FIRMS [Dataset], 2024), which used fire daily data from MODIS instrument onboard Terra/Aqua
satellites (MODIS/Aqua Thermal Anomalies/Fire Daily L3 Global 1km SIN Grid - LAADS DAAC [Dataset],
2024; MODIS/Terra Thermal Anomalies/Fire Daily L3 Global 1km SIN Grid V061 [Dataset], 2024). The global
climate model GFDL-AM4.0 which was used in this study is available through GFDL's ftp server (GFDL-AM4
climate model source code, 2024).
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