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Dear Editor and Reviewer, 

We appreciate you taking the Ime to provide us with all of your insighLul and valuable comments 
and recommendaIons. All of them have been carefully considered, and we have made a 
concerted effort to answer them all in detail. Your unaltered original remarks are wri5en in grey 
in this response, while our responses are wri5en in blue. Certain key highlights in some of the 
responses have been emphasized using bold text. 

General Comments: 

This manuscript presents a physics-informed machine learning (ML) framework to esImate clear-
sky black carbon (BC) top-of-atmosphere (TOA) direct radiaIve forcing by combining 
observaIonally constrained microphysical retrievals (via a core-shell Mie framework) with 
radiaIve transfer modeling (SBDART), and subsequently training surrogate models for rapid 
predicIon. The approach is applied to two contrasIng urban regions (Xuzhou and Dhaka), and 
the authors further interpret controlling factors using SHAP analysis. While the study addresses 
an important issue, i.e., BC forcing uncertainty, it currently has several conceptual and 
methodological limitaIons that limit the robustness and general applicability of the conclusions, 
as detailed in my specific comments below. 

We thank the reviewer for the careful and construcIve evaluaIon of our manuscript. We 
appreciate the detailed comments and believe they provide us with an opportunity to strengthen 
the scienIfic clarity, results and conclusions of this work. We note that some of the concerns 
raised are consistent with limitaIons already acknowledged in the manuscript, and we welcome 
the opportunity to elaborate on the physical reasoning and observaIonal constraints that 
moIvated our methodological choices. We do believe that our choices actually are robust and 
reasonably applicable, and welcome this opportunity to demonstrate in more depth. In response, 
we performed several new analyses and revisions: 

• Mixing-state assump%on: We added observaIonal support for the spherical-parIcle 
assumpIon using AERONET depolarizaIon raIos and evaluated the physical 
consistency of the retrieved BC microphysical properIes. We have taken the Ime to 
perform a targeted external-mixing endmember sensiIvity test and clarified why 
parIal internal mixing, homogeneous internal mixing, and fractal aggregate 
treatments require separate opIcal models and addiIonal morphology parameters 
that are not constrained by exisIng observaIon sets. 
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• Ver%cal aerosol distribu%on: We clarified the aerosol verIcal-profile assumpIon used 
in SBDART and added discussion of the companion CALIPSO-constrained sensiIvity 
analysis, which evaluates the impact of redistribuIng aerosol from the baseline near-
surface-dominant profile to elevated aerosol layers. 

• COSMO-RTM forcing target: We added an AERONET-based forcing-efficiency 
consistency assessment over Dhaka to evaluate the physical coherence of the COSMO-
RTM BC TOA DRF target. This includes temporal consistency analysis, regime-
dependent analysis and a relaIve-scaling diagnosIc comparing COSMO-RTM BC-only 
TOA forcing efficiency with AERONET total-aerosol TOA forcing efficiency. 

• Model transferability: We have performed addiIonal analysis and evaluaIon over 
two new regions: Delhi, India represenIng a mixed urban-agricultural-burning 
environment during the post-monsoon period, and Mongu, Zambia, represenIng a 
remote dry-season savanna biomass-burning regime. We first conducted zero-shot 
transferability tests using the original Xuzhou-Dhaka trained model (over China and 
Bangladesh) over Delhi, India and Mongu, Zambia, conducted feature-space 
diagnosIcs, and improved our combined ML surrogate. 

• SHAP result statement have been revised according to the suggesIon of the reviewer 

We believe that we have addressed all comments carefully and responded appropriately in 
the revised version. Please see below for detailed point-by-point responses. 
Major Comments: 

1. The COSMO model assumes the core-shell model for internal mixing. This will largely enhance 
the absorpIon of BC. But the actual mixing states may be different. I suggest the authors perform 
addiIonal sensiIvity experiments to test the effect of other mixing states, such as external mixing, 
parIal internal mixing, uniform internal mixing, fractal aggregates, etc. 

We appreciate the reviewer’s concern regarding the structural assumpIon of core-shell internal 
mixing. We wish to emphasize that this limitaIon was explicitly acknowledged in the Discussion 
of the original manuscript: “The use of a core-shell representa1on with a non-absorbing sulfate 
proxy reflects a deliberate op1cal constraint. Although urban aerosols arise from diverse emission 
sources, extensive field evidence across urban, industrial, and biomass-burning regions in East and 
South Asia indicates that BC is frequently internally mixed and coated by op1cally similar inorganic 
and organic material (Kompalli et al., 2021; Peng et al., 2016; Sun et al., 2024; Zamora et al., 
2019), suppor1ng the physical relevance of this assump1on. However, par1cles with irregular 
shapes, including fractal aggregates and agglomerated structures are known to occur 
prominently in freshly emiSed BC, and are not explicitly addressed in this study. Future extensions 
could reconcile this limita1on through hybrid frameworks that couple fractal or irregular 
morphologies at emission with spherical coated par1cles at advanced aging stages.”  
Thus using core-shell was a deliberate scope boundary grounded in the study’s central objecIve:  



• to develop mul%-plaAorm, mul%-waveband observa%on-constrained BC 
microphysics, column, op%cal, and radia%ve proper%es within a core-shell 
framework.  

• to use the observa%onally constrained BC TOA DRF to be predicted using a surrogate 
machine-learning emulator, and to examine how predictors influence TOA variability.  

The study was therefore not designed to conduct an exhausIve aerosol-morphology sensiIvity 
study, in part because the observaIons currently available to the community do not yet support 
such a study's pracIcal applicaIon, and because exisIng morphology-resolved frameworks face 
recognised challenges in simultaneously matching size distribuIons and mulI-wavelength opIcal 
observaIons. However, such an extension represents an interesIng future objecIve to explore, 
which will further help constrain the structural uncertainIes in BC radiaIve forcing across diverse 
emission and aging regimes.  
Nevertheless, the COSMO mulI-waveband dual constraint approach advances the current 
community pracIce. For instance, CMIP6 models, OPAC-derived cliamtologies or MERRA-2 and 
CAMS reanalysis products typically prescribe BC size distribuIon, fix mixing state to globally 
uniform parameters, only use one waveband (or color) for their analysis, and/or use simple 
external mixing scenarios. These prescripIons are not dynamically constrained by observaIons 
at the pixel level. The COSMO framework, despite not being fully morphologically representaIve, 
retrieves BC core size, mixing state, column loading from mulI-waveband observaIons on a pixel 
by pixel and day-by-day basis. We therefore believe, that our inversion approach is a set of 
deliberate assump%ons allowing for a tractable community advance, moving from prescribed, 
scenario-based microphysics toward observa%onally constrained, dynamically variable BC 
op%cal proper%es and radia%ve effects. 
 
Observa%onal support for the spherical core-shell framework and retrieved microphysical 
consistency. 
First, we would like to provide observaIonal evidence supporIng the spherical Mie assumpIon 
and the physical realism of our retrieved microphysical properIes from the COSMO framework. 
AERONET depolarizaIon raIo (δ) at 440 nm provides observaIonal support that the column-
aerosol populaIons at our study sites are dominated by spherical or near-spherical parIcles 
(Figure 1). However, depolarizaIon does not directly diagnose the internal BC coaIng structure; 
therefore, we use it as support for the spherical-sca5ering assumpIon, not as independent proof 
of a core-shell morphology. At Dhaka δ (min/median/mean/max) were 0.002/0.03/0.04/0.19 and  
85.8% of retrievals exhibit δ < 0.10 (more spherical), with only 1.3% moderately non-spherical (δ 
= 0.15-0.20) and zero highly non-spherical parIcles (δ > 0.20). At Delhi during the post-monsoon 
crop-residue burning period, 91.5% are spherical like with 8.5% slightly non-spherical and none 
highly non-spherical. Delhi δ (min/median/mean/max) were 0.003/0.03/0.04/0.15. At Mongu δ 
(min/median/mean/max) were 0.002/0.004/0.004/0.03 during the savanna-fire season, here 100% 
of retrievals were observed to be more spherical like (δ < 0.10) with zero non-spherical fracIon. 
The low depolarizaIon raIos support the use of a spherical Mie framework for the column 
aerosol populaIon. 
 



 
Figure 1: Depolariza%on ra%o distribu%ons at 440 nm across all sites. Dashed lines denote 

spherical (0.10), slightly non-spherical (0.15), and moderately non-spherical (0.20) thresholds. 

Furthermore, the retrieved microphysical properIes generated from this framework are broadly 
consistent with independent observaIons and inverse-modeling studies. To start with, the 
ensemble-derived BC core size varies across aerosol regimes- (median ~ 140 nm in Xuzhou, 
median ~155 nm in Dhaka; median ~115nm in Delhi, and median ~103 nm in Mongu) - a range 
that aligns with the broad envelope of SP2-measured ambient BC cores. For example, Huang et 
al. (2012) reported rBC core mass-equivalent diameters peaking at ~210 nm (radius ~105 nm) in 
urban Shenzhen, another study by Huang et al. (2011) observed core sizes up to 220 nm over 
Kaiping China.  Ahlberg et al. (2023) observed rBC core diameters extending to 200-300 nm (radius 
100-150 nm) in European air influenced by long-range transport. Reddington et al. (2013) 
similarly reported SP2-detected BC cores spanning 90-400 nm across different aging stage and 
across different regions. Similarly, In-situ SP2 measurements of African biomass burning smoke 
consistently report BC core count median size in the range of ~100-200 nm, with values varying 
by transport age and fire type (Wu et al., 2021). In addiIon, satellite derived BC column number 
concentraIons (Nc) further corroborate the physical realism of the retrieval. Z. Liu et al. (2024)  
reported Nc over Xi’an in the range 1.3 × 1010 to 5 × 1010 # m-2, which falls within the lower extreme 
of our distribuIons, consistent with the fact that while Xi’an is polluted, it is generally less so than 
the other places considered in this work. J. Liu et al. (2024a), using a coarser-resoluIon OMI-
AERONET inverse Mie approach, reported region-wide Nc values up to the order of 1013 # m-2, 
with the upper end of our ranges overlapping their interquarIle spread. All three studies share 
the same non-normal distribuIon characterisIcs. This provides cross-parameter confidence that 
the observaIon-constrained opIcal and microphysical properIes are physically plausible. 
 



Targeted External Mixing Sensi%vity: A Quan%ta%ve Test of Observa%onal Consistency 
To directly address the reviewer’s request for addiIonal sensiIvity experiments, we tested an 
external mixing assumpIon within the same Mie-based framework. We focused this sensiIvity 
test on Delhi, India and Mongu, Zambia.  
Under external mixing, the COSMO setup reduces to two independent homogeneous-sphere Mie 
calculaIons (one for BC and one for sulfate), both computed over the same size ranges as the 
core-shell retrieval (BC radius 50-500 nm; sulfate radius 10-800 nm). We applied the same day-
by-day AERONET VIS-NIR SSA uncertainty bounds (440, 675, 870, and 1020 nm) that were used 
in the original core-shell retrieval. Before applying the full constraint pipeline (including TROPOMI 
UV at 388 nm and AOD upper bounds), we first evaluated whether external mixing could 
reproduce observed SSA within uncertainty bounds for the four AERONET wavebands in tandem. 
This is a deliberately generous test. The column-effecIve SSA under external mixing is calculated 
as an exIncIon-weighted average: 

SSAexternal= fBC×SSABC+ fsul×SSAsul 

Where fBC and fSul represent the fracIonal contribuIons of BC and sulfate to total column 
exIncIon respecIvely, with fBC + fsul = 1. Because this exIncIon fracIon is not directly retrievable 
from column-integrated SSA observaIons alone, we tested five physically disInct and brackeIng 
scenarios (S1 - S5). S1 as Pure BC (fBC = 1.00); S2 as BC-dominated (fBC = 0.75); S3 as equally 
externally mixed (fBC = 0.5), S4 as sulfate-dominated (fBC = 0.25), and S5 as pure sulfate (fBC = 0.00). 
For each scenario and each observaIon day, the mixture SSA (SSAexternal) was computed across 
all combinaIons of BC core size (50-500 nm) and sulfate radius (10-800 nm) and evaluated against 
the observed AERONET SSA bounds at all four wavebands. Figure 2 presents the survival rate of 
externally mixed BC-sulfate size combinaIons against observed day-by-day AERONET SSA bounds 
at each of the VIS-NIR wavebands across different exIncIon fracIon scenarios at Delhi and 
Mongu. 

Figure 2: Survival rate (%) of externally mixed BC-sulfate solu%ons that sa%sfy the observed 
AERONET SSA uncertainty bounds at 440, 675, 870, and 1020 nm. Results are shown for five 

bracke%ng ex%nc%on frac%on scenarios 



Pure externally mixed BC (S1, fBC = 1.00) achieves 0.0% survival at every waveband at both Delhi 
and Mongu as no BC size (from the external mixed pool), regardless of radius, produces SSA values 
consistent with observaIons. BC-dominated mixtures (S2, fBC = 0.75) are similarly unable to saIsfy 
the observaIonal constraint, with survival rates of 0.0% at nearly all wavebands at Delhi and near-
zero at Mongu (maximum 4.8% at 1020 nm only). The equal mixture scenario (S3, fBC = 0.50) 
shows marginal and spectrally inconsistent survival - at Delhi, survival does not exceed 0.4% at 
any waveband, while at Mongu, survival reaches 22.5% at 870 nm but drops to 0.4% at 440 nm - 
meaning soluIons that pass at one waveband systemaIcally fail at others. Pure sulfate (S5, fBC = 
0.00) also achieves 0.0% survival at both sites, confirming that the observed SSA spectral 
signature is not reproducible by sulfate alone either. 
Meaningful survival is observed only in the sulfate-dominated scenario (S4, fBC = 0.25, fSul = 0.75), 
where survival rates reach 29.8%, 9.1%, 13.5%, and 17.3% at 440, 675, 870, and 1020 nm 
respecIvely at Delhi, and 23.9%, 22.7%, 12.8%, and 10.3% at Mongu. Despite tesIng five 
brackeIng scenarios, the analysis reveals that only S4 retains a non-negligible soluIon pool across 
all four wavebands at both sites, making it the only scenario for which cross-waveband 
consistency can even be meaningfully examined.  
Examining the soluIons for corss-waveband cosistency check for the S4 microphysical soluIon 
pool reveals two criIcal issues that further undermine the physical realism of external mixing in 
a mulI-waveband observaIonal constrained framework.  

• First, the number of observaIon days yielding at least one valid soluIon is 
substanIally reduced compared to the core-shell COSMO retrieval. While COSMO 
returned soluIons saIsfying the mulI-wavelength observaIonal constraints 
throughout the valid observaIon period, the external mixing S4 scenario yields valid 
soluIons on only ~43% of the days - a loss of 56.5% of observaIon days over Delhi, 
and at Mongu - a loss of 74% of observaIon days. This indicates a substanIal loss of 
observaIonal coverage under the tested external-mixing scenarios.  

• Second, the BC core sizes of the surviving cross-waveband consistent S4 soluIons are 
substanIally larger than typical SP2-reported BC core sizes and therefore difficult to 
interpret as physically representaIve. At Delhi, surviving soluIons exhibit mean and 
median BC core radii of approximately 378nm and 390nm respecIvely, which is 
double the size of both SP2 observaIons and our core-shell soluIons. At Mongu, mean 
and median radii are approximately 240 nm and 220 nm respecIvely. In the absence 
of a sca5ering-enhancing sulfate shell, the Mie filter is forced to select anomalously 
large BC sizes. For bare BC spheres, increasing the size iniIally increases absorpIon 
efficiency faster than sca5ering efficiency, depressing SSA. However, in the Mie regime 
(size parameter x ~ 1-5), sca5ering efficiency eventually grows non-negligibly while 
absorpIon efficiency saturates, allowing a modest increase in the SSA raIo toward its 
upper bound for pure BC (~0.4-0.5). The model exploits this weak size-dependent SSA 
increase to parIally compensate for the missing coaIng-induced sca5ering 
enhancement. Yet even at these inflated sizes, the SSA of pure BC remains far below 
observed AERONET values, and the mulI-wavelength constraint cannot be saIsfied 
without the sulfate fracIon contribuIon. 



Therefore, the present Mie-based inverse framework and its core-shell treatment are not only 
as a geometric convenience, instead they provide an observa%onally tractable effec%ve op%cal 
representa%on which is completely consistent with the cross-waveband SSA constraints, while 
s%ll maintaining physically plausible BC core sizes, and preserving full temporal coverage. 
Furthermore, the full constraint pipeline addiIonally requires SSA consistency at TROPOMI UV 
(388nm) and compliance with mulI-waveband AOD upper bounds. These constriants are likely 
going to further reduce the already depleated S4 soluIon space and further compress viable 
observaIon days. Since the surviving external-mixing solu%ons cover less than half of the 
observa%on days and require unrealis%cally large BC cores, a full DRF calcula%on based on these 
solu%ons would not provide a robust observa%on-constrained sensi%vity test. We therefore did 
not pursue it further. 
 
Inherent observa%onal barriers in extending the core-shell framework 
We also clarify why tesIng parIal internal mixing, uniform (homogeneous) internal mixing, or 
fractal aggregates is not a straighLorward sensiIvity extension within our framework, but rather 
requires fundamentally different physical models and observaIonal constraints. 

• The current ‘Core-shell’ Mie theory treats the parIcle as a concentric sphere with a 
disInct absorbing core and a non-absorbing shell; the retrieved “core radius” and 
“shell thickness” are the geometric degrees of freedom that are constrained by 
observed spectral SSA and AOD. 

• ParIal internal mixing would require assuming, a priori, a coaIng completeness 
fracIon or a populaIon-level external/internal mixing raIo that is not retrieved by any 
of the observaIon plaLorms used here (AERONET, satellite reflectance). Thus to sIll 
maintain, mulI-waveband SSA constraint while our approach freely allows core and 
shell sizes to change adapIng to parIal mixing requires an arbitrary assumpIons 
about the mixing fracIon or coaIng completeness that are not observaIonally 
constrained.   

• Uniform (homogeneous) internal mixing would require effecIve-medium 
approximaIons (e.g., Maxwell-Garne5 or Bruggeman) that blend BC and non-BC 
material into a single volume with no disInct core-shell interface; this changes the 
opIcal cross-secIons, phase funcIons, and absorpIon enhancement calculaIons 
enIrely, and there is no observaIonally constrained parameter in our current plaLorm 
that specifies the volume-mixing raIo of BC within the parIcle.  

• Fractal aggregates would require discrete-dipole approximaIon (DDA) or T-matrix 
calculaIons to compute opIcal properIes in solar spectrum with morphological 
parameters (fractal dimension, monomer number, orientaIon distribuIon) that rely 
on TEM, but the input morphology comes from post-sampling TEM which does not 
occur in any of the solar radiaIve bands available. For this reason, such data are not 
provided by column-integrated opIcal measurements and may not be fully consistent 
with observed in-situ condiIons. AERONET and satellite data for this set of reasons 
offer no direct constraint on these properIes to be adapted within our mulI-
waveband mulI-opIc constrained framework. 



Without site-specific TEM-derived parameters at every retrieval locaIon, incorporaIng these 
morphologies would transform our observa%onally constrained inverse retrieval into a largely 
a priori forward modeling exercise with many free parameters, many of which are not capable 
of being observed in-situ based on present technology. 
 
Searching literature alterna%ves to check their adaptability with our inverse framework 
We further examined whether recent unified mixing-state frameworks could be adapted to our 
pixel-by-pixel, observaIonally constrained inverse retrieval. Although several studies have 
a5empted to bridge mulIple mixing states parametrically, their implementaIon within our 
framework is not tractable. For example: 

• Recent work by Wang et al. (2025) has demonstrated the radiaIve significance of 
resolving mulI-mixing structures-including parIal coaIngs, embedded fracIons, and 
fractal aggregates-using TEM-characterized morphologies coupled with discrete 
dipole approxima%on (DDA) and global climate modeling. However, their approach 
relies on site-specific TEM data to prescribe mixing-state distribuIons and a DDA 
database built from fixed parameters (e.g., fractal dimension of 1.86, fractal 
prefactor kg = 3.49, and monomer number N = 100). Extending our methodology to 
this level would require simultaneously constraining six addiIonal parameters 
(monomer radius, fractal dimension, monomer number, coaIng volume fracIon, 
embedded fracIon, and fractal prefactor) - far beyond what can be uniquely 
constrained by AERONET-TROPOMI SSA and MAIAC AOD observaIons. AddiIonally, it 
would require us to limit the size of the distribuIon soluIon which we have obtained, 
and would hence be inconsistent with our findings as well as some addiIonal works 
(Guan et al., 2026a,b; Tirpitz et al., 2026). Moreover, TEM-derived morphological 
parameters are not available at the high spaIal-temporal resoluIon, over our study 
regions. We further note that Wang et al. (2025) found the previous modeling studies 
using core-shell model underesImates DRE relaIve to parIcle-resolved mulI-mixing 
structures, a5ribuIng this to simpllified core-shell with limited variability in coaIng 
thickness at specific sizes. This suggests that the impact of the core-shell assump%on 
is not necessarily a simple high-bias effect, especially when core and shell sizes are 
allowed to vary under mul%-wavelength observa%onal constraints. 

• Similarly, Wang et al. (2023) developed a parametric framework that bridges external, 
par%al, and core-shell mixing through a single coa%ng-thickness distribu%on 
parameter (k), demonstraIng that a conInuous range of mixing states can be 
represented without explicit morphology-resolved calculaIons. Their global 
implementaIon in CESM-CAM6 and WRF-Chem uses a fixed BC core count median 
diameter of 70 nm with geometric standard devia%on 1.8, and a uniform k = 0.014 
transla%ng to a fixed monodisperse coa%ng thickness of 70 nm. While this 
represents a meaningful advance over conven%onal fixed core-shell assump%ons in 
climate models. To implement Wang et al. (2023) unified framework within our 
inverse retrieval, we would need to assume a fixed k value (abandoning pixel-by-pixel 
variability) or introduce an unconstrained degree of freedom that cannot be validated 



against observaIons. This would transform our observaIon-constrained retrieval into 
again an a priori sensiIvity study.  

In summary, these alternaIve frameworks that have adapted mulI-mixing state for BC address 
the forward problem of prescribing morphology and compuIng radiaIve effects. Whereas the 
present study addresses this as an inverse problem, retrieving effecIve microphysics from 
observaIons constraining the size, mixing state, and number in tandem across all available 
observaIons and simultaneously compuIng associated opIcal properIes to feed into RTM model. 
The core-shell treatment was therefore selected as the most observaIonally tractable inverse 
model, with the understanding that the retrieved "core radius" and "shell thickness" represent 
effecIve opIcal parameters that absorb structural uncertainIes rather than true geometric 
dimensions. We therefore consider comprehensive tes%ng of these alterna%ve mul%-mixing 
scenarios as a valuable future work when observa%ons become available, rather than a minor 
sensi%vity analysis within the current study.  

 
Concluding Remarks 

• The core-shell treatment is not a full representaIon of ambient BC morphology, and 
we acknowledge this limitaIon explicitly. 

• ParIal, uniform, and fractal mixing assumpIons are not tunable parameters within 
our framework; each requires a disInct aerosol-opIcs theory with its own radiaIve-
transfer implementaIon, lookup tables, and observaIonal constraints that are not 
presently available. Furthermore, some of these alternaIve assumpIons impose more 
restricIve a priori constraints than the core-shell framework.  

• The external-mixing sensiIvity test shows that, under the tested brackeIng scenarios, 
external mixing provides limited cross-waveband consistency, requires unrealisIcally 
large BC cores in the surviving cases, and discards nearly half of all observaIon days. 

Finally, we thank the reviewer again for raising this concern, which has helped us present more 
clearly why the core-shell framework used herein represents a observaIonally tractable inverse 
model given current mulI-plaLorm constraints. This study does not claim to solve BC 
morphology and compute the DRF. It es%mates BC radia%ve forcing using an observa%on-
constrained effec%ve op%cal representa%on via core-shell. Full morphology-resolved sensiIvity 
requires extra unobserved state variables and therefore belongs to a separate forward-modelling 
uncertainty study. Future studies, as denser single-parIcle observaIonal datasets become 
available, should prioriIze developing mulI-mixing frameworks that can be rigorously 
constrained at the pixel level to reduce structural uncertainIes in BC TOA DRF esImates. 
 
 

 

 



2. The vertical distribution of BC also significantly affects its radiative effects, but is not discussed 
in the analysis. The authors should explicitly discuss what vertical profiles were assumed in 
SBDART, whether BC is assumed to be well mixed or prescribed, etc. How this profile assumption 
may lead to uncertainties in BC forcing. 

We thank the reviewer for raising this important point. We fully agree that the verIcal 
distribuIon of aerosol; including BC - is a meaningful source of uncertainty in radiaIve forcing 
esImates, parIcularly at the BC TOA. We address this comment in three parts: (1) clarifica%on of 
the ver%cal profile assump%on used in SBDART, (2) observa%onal constraints from CALIPSO that 
jus%fy the baseline assump%on, and (3) a quan%ta%ve sensi%vity analysis specifically focused 
on BC TOA DRF, which is the primary forcing metric reported in this study. 

In the SBDART radiaIve transfer calculaIons opIcal properIes of BC is assumed to be 
distributed within the boundary layer using a profile with maximum concentraIon near the 
surface and exponenIal decay with alItude. This profile is prescribed through the ZBAER and 
DBAER parameters in SBDART, which define the verIcal levels and the fracIonal aerosol loading 
at each level. We acknowledge that this assumpIon introduces uncertainty, as the actual verIcal 
distribuIon of aerosol, parIcularly transported BC can deviate from a simple near-surface profile.  

A detailed characterisaIon of aerosol verIcal structure over both study regions is provided in 
the companion paper (Supplementary SecIon S3 of Tiwari et al. 2026 
(h5p://dx.doi.org/10.2139/ssrn.6604914)), using CALIPSO Level-2 5-km aerosol profile data 
(CAL_LID_L2_05kmAPro, Version 5.00). The key findings relevant to this study are summarised 
below, as the SBDART radiaIve transfer framework is idenIcal in both works: 

Layer Classifica%on: 
 For each valid CALIPSO profile over the study domains, the dominant aerosol layer was 

idenIfied based on the peak a5enuated backsca5er signal. Using a fixed boundary layer 
threshold of 2.0 km, the CALIPSO analysis finds that 94.8% of profiles over Xuzhou and 96.4% 
over Dhaka exhibit dominant aerosol layers with base alItudes below this threshold, with median 
base alItudes of approximately 0.16 km and 0.10 km respecIvely. Free-tropospheric (FT) aerosol 
layers with base alItude ≥ 2.0 km accounts for only 5.2% and 3.6% of profiles respecIvely. 

Column op%cal contribu%on:  
The base-alItude classificaIon alone does not quanIfy how much FT layers contribute to the 

column-integrated opIcal loading. To address this, the integrated backsca5er raIo R = IB(0-2 km) 
/ IB(0-5 km) was computed for each profile. The median R is 0.92 over Xuzhou and 0.98 over 
Dhaka, with 73.7% and 84.5% of profiles respecIvely exhibiIng R ≥ 0.80 - meaning that in the 
vast majority of profiles, at least 80% of the total column backsca5er originates from within the 
boundary layer. This demonstrates that even when elevated layers are present, the within 
boundary layer dominates the column opIcal loading. 

Characteris%cs of elevated layers: 
 For the subset of profiles with FT aerosol, the median peak exIncIon alItude is 

approximately 3.6 km over Xuzhou and 3.0 km over Dhaka, placing the most radiaIvely acIve 
porIon of transported layers in the lower free troposphere. These layers are verIcally compact, 
with median thicknesses of 0.84 km (IQR: 0.64-1.44 km) over Xuzhou and 1.02 km (IQR: 0.60-1.62 
km) over Dhaka, consistent with the structure of transported aerosol plumes rather than diffuse 
verIcal mixing. 

http://dx.doi.org/10.2139/ssrn.6604914


Together, these observaIons indicate that the boundary-layer-dominated verIcal profile used 
in the SBDART baseline configuraIon is physically representaIve of BC aerosol condiIons in both 
study regions across the vast majority of observaIon days. 

Quan%ta%ve BC TOA DRF sensi%vity analysis: 
To directly bound the uncertainty introduced by the verIcal profile assumpIon specifically for 

BC TOA DRF, the primary radiaIve forcing metric in this study we conducted a dedicated 
sensiIvity experiment using the same SBDART framework. 

The sensiIvity analysis was restricted to the most radiaIvely extreme cases in each dataset, 
defined as pixel-level observaIons where BCAOD exceeds the 80th percenIle and SSA falls below 
the 20th percenIle threshold, with the condiIon saIsfied at a minimum of two out of three 
wavelengths (388, 470, and 550 nm). This filtering yields 72 pixel observa%ons over Xuzhou and 
506 pixel observa%ons over Dhaka - each a unique spaIal locaIon on highly polluted days, 
represenIng the upper-bound sensiIvity scenario. 

For each selected case, SBDART was run twice: once under the baseline boundary-layer-
dominated ver%cal profile, and once with the aerosol column redistributed into an elevated 
layer centered at the CALIPSO-derived median peak ex%nc%on al%tude (3.6 km for Xuzhou; 3.0 
km for Dhaka), with ver%cal extent equal to the characteris%c CALIPSO-derived layer thickness 
(0.84 km for Xuzhou; 1.02 km for Dhaka). Column-integrated op%cal proper%es (AOD, SSA, 
asymmetry factor) were held consistent between the two configura%ons so that only the effect 
of ver%cal placement is evaluated. 

The resulIng sensiIvity from Figure 3 shows that the BC TOA DRF probability-density 
distribuIons from the baseline and elevated-layer simulaIons overlap almost enIrely in both 
regions, indicaIng that verIcal redistribuIon of the aerosol column does not substanIally shi� 
the modelled forcing distribuIon. This is quanItaIvely supported by the difference analysis. 
Absolute BC TOA DRF perturbaIons are small, with median values of approximately 0.2 W m-2 
over Xuzhou and 0.1 W m-2 over Dhaka, and 95th percenIle values remaining below 0.4 W m-2. In 
relaIve terms, the median change is 0.9% over Xuzhou and 0.6% over Dhaka, with the 95th 
percenIle reaching only 1.9% and 1.3% respecIvely. The Empirical CumulaIve DistribuIon 
FuncIon (ECDF) (bo5om panel) reinforces this conclusion as the steep rise at low relaIve-change 
values confirms that the small sensiIvity is not an artefact of a few outlier cases but is systemaIc 
across the enIre high-loading subset, with nearly all cases falling below the 2% reference 
threshold. 

CriIcally, this experiment was deliberately designed to represent an upper-bound scenario, 
restricted to the most strongly absorbing, highest-loading pixel observaIons in the record, where 
sensiIvity to verIcal redistribuIon is expected to be maximised. The corresponding sensiIvity 
under more moderate or sca5ering-dominated condiIons is expected to be smaller. The 
boundary-layer-dominated verIcal profile assumpIon therefore introduces only modest 
uncertainty in the TOA BC DRF esImates reported in this study. With the radiaIve differences 
induced by the verIcal redistribuIon currently smaller than the underlying observaIonal 
uncertainty. 



 
Figure 3: Sensitivity of BC TOA DRF to aerosol vertical redistribution. 

Sensitivity of clear-sky BC TOA DRF to the assumed aerosol vertical profile for high-loading, 
strongly absorbing cases over Xuzhou and Dhaka. The top panels compare the probability-

density distributions of BC TOA DRF from the baseline boundary-layer SBDART configuration 
and the elevated-layer sensitivity configuration. The middle panels show the absolute 

difference, ∣ΔBC TOA∣, and the relative difference, ∣ΔBC TOA/BC TOABL∣×100, between the 
two simulations. The bokom panel shows the empirical cumula%ve distribu%on func%on of 
the rela%ve BC TOA DRF change. Column-integrated AOD, SSA, and asymmetry factor were 
kept fixed between the baseline and elevated-layer simula%ons; therefore, the differences 

shown here isolate the effect of ver%cal redistribu%on alone. 
However, there are some caveats in our approach to analyze the sensiIvity of BC verIcal layer 

impact on BC DRF. First, the fixed 2.0 km boundary layer threshold does not account for temporal 
and spaIal variability in boundary layer height, and the elevated-layer parameterisaIon reflects 
the staIsIcs of available CALIPSO overpasses rather than the full range of possible verIcal 
structures. Despite these limitaIons, this analysis represents our best effort to observaIonally 



constrain the sensiIvity of BC TOA DRF to aerosol verIcal structure within the available dataset. 
The CALIPSO-derived layer staIsIcs provide the only spaIally collocated, observaIon-based 
characterisaIon of aerosol verIcal distribuIon feasible for the study regions and periods 
examined. Within this constraint, the sensiIvity experiment suggests that the verIcal profile 
assumpIon adopted in the RTM calculaIons is not expected to introduce a large uncertainty in 
the BC TOA DRF esImates reported in this study. 

We have now clearly men%oned in Supplementary Sec%on S1 Theore%cal Concept of Santa 
Barbara DISORT Atmospheric Radia%ve Transfer Model (SBDART) : 

“In this study, SBDART used its default near-surface-dominant aerosol ver1cal distribu1on, 
with aerosol loading concentrated within the lower atmosphere/boundary layer and decreasing 
with al1tude.” 

We also expanded our Conclusion sec%on highligh%ng: 
“Finally, ver1cal variability of BC remains unresolved, reflec1ng both methodological choices 

and the maturity of current observing systems. A companion CALIPSO-constrained sensi1vity 
analysis over Xuzhou and Dhaka showed that the dominant aerosol layers are largely boundary-
layer confined, and that redistribu1ng high-BCAOD, low-SSA cases into CALIPSO-derived elevated 
layers produced only modest BC TOA DRF changes, with median rela1ve differences below 1% and 
95th-percen1le differences below approximately 2% (Tiwari et al., 2026). This suggests that the 
baseline ver1cal-profile assump1on is unlikely to dominate the BC TOA DRF uncertainty over these 
two regions, although the retrieval remains column-integrated and does not resolve the true 
ver1cal profile of BC ex1nc1on.” 

 
3. The study explicitly states that no observaIonal product is available for direct validaIon and 
therefore uses COSMO-RTM output as the “reference truth.” This treatment will incorporate 
unceraInIes in the COSMO model in the ML framework, and the results only represent emulaIon 
accuracy rather than physical correctness. I suggest the authors validate the model using CERES 
fluxes with high BC loading or AERONET derived forcing efficient under high AAOD condiIons. 

Thank you for this important and construcIve comment. First, we clarify that we use COSMO-
RTM output as the reference target not because we treat it as unconstrained truth, but because 
the radiaIve forcing framework is already rigorously observaIon-constrained at mulIple levels. 
In specific, the BC direct radiaIve forcing is not derived from prescribed climatological 
assumpIons; instead, it is calculated from observaIon-constrained BC microphysical states, 
including dynamically retrieved BC core size, coaIng thickness (mixing state), column number 
concentraIon, and the associated wavelength-dependent opIcal properIes (BCAOD, SSA, ASY) 
at mulIple wavebands, that are directly propagated into the radiaIve transfer calculaIons. These 
have previously been shown to be broadly consistent with observaIons from parIcle sizers and 
aethalometers (Guan et al., 2026a,b) in addiIon to AERONET and TROPOMI across respecIve 
wavebands (Tiwari et al., 2023; Tiwari et al., 2025). In addiIon, the radiaIve transfer calculaIons 
use observaIon-based ancillary inputs including column water vapor, ozone, surface albedo, and 
atmospheric structure, rather than idealized prescribed profiles. Therefore, COSMO-RTM in this 



study represents an observaIon-constrained physically based BC forcing framework rather than 
a purely free-running model product. For this reason, we used COSMO-RTM output as the 
reference target for machine-learning emulaIon, since the objecIve of the ML model is to 
reproduce this physically constrained BC radiaIve forcing framework at high spaIal resoluIon 
rather than to learn unconstrained model behavior. 

However, we fully agree that physical credibility is stronger when addiIonal observaIons or 
observaIonally influenced calculaIons are used, in addiIon to emulaIon using the reference 
model. While strict one-to-one valida%on of BC-specific forcing against external plaAorms is not 
physically feasible, the COSMO RTM BC TOA should s%ll demonstrate observa%onal consistency 
with independent measurements. 

First, we carefully considered the reviewer’s suggesIon to use CERES fluxes with high BC 
loading. However, CERES has three important limitaIons that make it less suitable for validaIng 
our BC-specific DRF. First, CERES provides total aerosol radiaIve effects and cannot isolate BC 
absorpIon from other absorbing or sca5ering components, even under high AAOD condiIons. 
As previously menIoned, a subset of our soluIons is constrained in full by MODIS-MAIAC AOD 
and this subset may possibly be able to make such a comparison, however a separate subset 
yields an AOD smaller than that from MODIS AOD, meaning that addiIonal purely sca5ering 
aerosol is also found in the column, which would not allow a one-to-one comparison. Second, 
CERES has a ~20 km footprint, which is substanIally coarser than our 5 km retrieval grid, meaning 
that direct comparison would require resampling and introduce significant representaIveness 
errors over heterogeneous urban domains. Third, deriving DRF from CERES requires esImaIng 
prisIne-sky fluxes under low/zero AOD assumpIons. While this is a reasonable approach in some 
regions which have a clean background period of Ime each year, it would add considerable 
uncertainty in many of the regions studied here, which are persistently polluted. For these 
reasons, a strict one-to-one comparison between CERES TOA flux perturbaIons and our COSMO-
RTM BC-only DRF would not be physically equivalent. 

We therefore pursued the AERONET-based approach, which enables more targeted 
consistency checks using SSA and AAE constraints under BC-like absorpIon regimes, as detailed 
below. 

We define forcing efficiency (FE) as TOA DRF per unit AAOD rather than per unit AOD because 
this comparison targets the radiaIve impact of absorbing aerosols like black carbon. For total 
aerosol direct radiaIve forcing, DRF/AOD is commonly used because total exIncIon controls the 
combined sca5ering and absorpIon perturbaIon. However, for BC-specific forcing, the relevant 
opIcal driver is a non-linear combinaIon of absorpIon and sca5ering rather than total exIncIon 
alone. Normalizing by AOD would likely linearize the non-linear BC absorpIon with co-emi5ed 
sca5ering aerosol and other non-BC absorbing components, such as dust and brown carbon, 
thereby obscuring whether the model’s BC-specific microphysics, column loading, and absorpIon 
efficiency are physically consistent with independent observaIonal constraints. This point is to 
allow a more radiaIvely consistent comparison against independent observaIons, which use 
different assumpIons about BC microphysics and hence different inverted radiaIve forcing 
calculaIons. Therefore, we use an absorpIon-normalized FE. 

To address the reviewer’s request for an independent observaIonal constraint, we performed 
an AERONET-based consistency assessment over Dhaka, where Version 3 Level 2.0 inversion 
radiaIve forcing products are available. This analysis uses AERONET total-aerosol TOA forcing and 



absorpIon opIcal depth to evaluate whether COSMO-RTM BC TOA forcing behaves consistently 
with independent column radiaIve observaIons under absorbing aerosol condiIons. Since 
AERONET represents total aerosol forcing whereas COSMO-RTM isolates the BC component, and 
AERONET makes assumpIons about parIcle size and mixing which are treated more flexibly by 
COSMO-RTM, the comparison is not designed as a strict 1:1 validaIon. Instead, we performed 
three complementary checks: 

1. Temporal consistency: whether COSMO-RTM BC TOA DRF and FE capture the day-to-
day variability of AERONET total-aerosol TOA DRF and FE. 

2. Regime-dependent behavior: whether the COSMO-RTM BC TOA FE and AERONET 
TOA FE relaIonship strengthens under low-SSA, spectrally BC-like condiIons, and 
whether the residuals are physically structured by based on the AERONET definiIons 
of size AAE440-870 and SSA440, since their structure is less flexible with respect to these 
aspects, we sIll follow their format. 

3. Rela%ve-scaling diagnos%c: whether the magnitude of COSMO-RTM BC TOA FE is 
consistent with the expected BC-to-total aerosol contribuIon. This final diagnosIc is 
needed because correlaIon and slope changes demonstrate covariability and regime 
dependence, but do not by themselves define the appropriate magnitude of a BC-only 
forcing contribuIon relaIve to an AERONET total-aerosol product. 

For Dhaka, where AERONET radiaIve forcing products are available, we temporally matched 
AERONET Version 3 Level 2.0 inversion retrievals (TOA DRF) with our observaIon-constrained BC 
retrievals within a 20 km radius of the staIon, with model grid values aggreagated by daily mean 
to match AERONET’s temporal resoluIon. AERONET AAOD at 550 nm was derived from linearly 
interpolaIng AERONET’s measured absorpIon at AAOD (440 nm and 870 nm) and AERONET’s 
AAE from 440 nm to 870 nm, to calculate the AERONET FE, as: 

 

FEAERONET=
Rad_Forcing(TOA)

AAOD550
 

represenIng total aerosol forcing efficiency from AERONET. For the COSMO-RTM side, BC FE 
was calculated as: 

FEBC=
DRFBC

BCAAOD550
	

using COSMO-SBDART-derived BC TOA forcing and the corresponding BC absorpIon opIcal depth 
specifically calculated at 550nm 

 
Temporal Consistency check: 
Figure 2 compares the temporal and anomaly-based behavior of AERONET total-aerosol TOA 

and COSMO-RTM BC-TOA over Dhaka. The temporal evoluIon of daily DRF shows that both 
datasets capture a similar temporal structure, with stronger negaIve forcing clustered mainly 
during winter to pre-monsoon polluted periods and fewer/weaker forcing events around the 
post-monsoon season (Figure 4a). Despite this magnitude difference, the Iming of enhanced and 
reduced forcing is broadly consistent between the two datasets. This temporal consistency is 



further supported by the matched-day standardized anomaly comparison (Figure 4b). A�er 
normalizing each dataset relaIve to its own median and interquarIle range, the TOA DRF 
anomalies show strong posiIve agreement, with Pearson R = 0.7 and Spearman ρ = 0.7, both 
significant at p < 0.001. The regression slope of 0.76 indicates that the two datasets capture 
similar relaIve TOA variability, although with somewhat reduced anomaly amplitude compared 
with AERONET, consistent with one being an area average and the other a geospaIal point. In 
addiIon, 76.4% of matched days show same-sign anomalies, indicaIng that both datasets 
generally idenIfy the same stronger- and weaker-forcing regimes. 

A similar pa5ern is observed for TOA FE showing comparable and in some cases Ighter 
temporal clustering of stronger and weaker FE values (Figure 4c), suggesIng that COSMO-RTM 
BC TOA retains similar observed variability as AERONET with respect to TOA FE. The FE anomaly 
sca5er confirms this behavior more directly (Figure 4d). The matched-day FE anomalies show 
strong posiIve correspondence, with Pearson R = 0.73 and Spearman ρ = 0.68, both significant at 
p < 0.001. The regression slope of 0.82 suggests that the model and AERONET are mostly 
consistent in terms of  relaIve FE anomaly amplitude. Same-sign anomaly agreement is 71.6%, 
indicaIng that AERONET total FE and model BC FE fall on the same side of their respecIve median 
states for nearly three-quarters of matched days.  

 

 
Figure 4: Temporal consistency between AERONET total-aerosol forcing and COSMO-RTM 

BC-only forcing over Dhaka. 
(a,c) Daily temporal evolu%on of TOA DRF and TOA forcing efficiency from AERONET total-

aerosol products and COSMO-RTM BC-only simula%ons. Points and bars show daily median 
and range. (b,d) Matched-day standardized anomaly comparisons for TOA DRF and TOA FE. 

The dashed line denotes the 1:1 reference and the solid line denotes the fiked regression. The 
comparison is used as an observa%onal consistency check, not a strict one-to-one valida%on, 



because AERONET represents total aerosol forcing while COSMO-RTM isolates BC-only 
forcing. 

Overall, Figure 4 provides an iniIal observaIonal consistency check showing that the model 
does not simply reproduce a staIc forcing response. In addiIon, it shows that the model captures 
similar temporal variability of both TOA DRF and FE. The systemaIc offset between COSMO-RTM 
BC-only values and AERONET total-aerosol values is physically expected because the two 
quanIIes do not represent the same aerosol component, the geospaIal area, or using the same 
assumpIons for aerosol size and mixing state. This moIvates two follow-up tests: first, whether 
the model-AERONET FE relaIonship strengthens under more absorbing, spectrally BC-like 
regimes; and second, whether the observed scaling is consistent with the physically expected BC-
to-total aerosol benchmark. 

 
Regime-dependent strengthening of the COSMO-RTM and AERONET TOA FE rela%onship 
We next examined whether the model-AERONET TOA FE relaIonship changes systemaIcally 

with aerosol absorpIon regime (Figure 5a). Across all matched retrievals, the ordinary regression 
slope between FEmodelBC and FEAERONET was 0.31, with a significant correlaIon (R = 0.6; p< 0.001) 
(Figure 5a). When the analysis was restricted to the condiIons and, spectrally BC-like subset, 
defined by cases where SSA440 was below the 30th percenIle and 0.8 < AAE440-870 < 1.4 (Luo et al., 
2023; Y. Liu et al., 2017) , the slope increased to 0.63 while the relaIonship remained significant 
(R = 0.55; p< 0.001). This increase indicates that the proporIonal scaling between COSMO-RTM 
BC FE and AERONET total-aerosol FE becomes closer under more BC-like absorpIon condiIons. 

 

 
Figure 5: Regime-dependent consistency between COSMO-RTM BC TOA FE and AERONET 

total-aerosol TOA FE. (a) Scakerplot of COSMO-RTM BC-only TOA FE against AERONET total-
aerosol TOA FE for all matched retrievals and for the spectrally BC-like subset. b) Residual 

dependence on AAE440-870. (c) Residual dependence on SSA440. 
The residual analysis (Figure 5(b and c) further supports this regime dependence. The forcing-

efficiency residual, is not randomly distributed with respect to aerosol opIcal state. Instead, it 
shows significant dependence on both AAE440-870 and SSA440. Residuals decrease systemaIcally 



with increasing AAE (R = -0.49; p< 0.001), indicaIng that the separaIon between AERONET total-
aerosol FE and model BC-only FE changes as the absorpIon spectrum becomes less BC-like (Figure 
5b). A similar but slightly stronger dependence is observed with SSA440 (R = -0.50; p< 0.001), 
showing that the residual structure is also controlled by the column sca5ering-absorpIon balance 
(Figure 5c). 

Overall, the temporal consistency check indicated that COSMO-RTM BC TOA FE captures day 
to day variability of AERONET total-aerosol FE, indicaIng the model is not producing an 
unconstrained radiaIve response. Similarlly, regime-dependent analysis shows that the COSMO-
RTM BC TOA FE and AERONET TOA FE relaIonship strengthens under low SSA and spectrally BC 
like condiIons and the residuals are systemaIcally structured by AAE and SSA.  Together, these 
results demonstrate that the model-observaIon differences are partly organized by aerosol 
opIcal regime, rather than being structureless residual sca5er. 

However, the temporal and regime-dependent analyses primarily establish covariability and 
aerosol-regime structure. They do not by themselves determine whether the magnitude of 
COSMO-RTM BC TOA FE is quanItaIvely reasonable relaIve to AERONET total-aerosol TOA FE. 
This is in part impossible because AERONET makes the assumpIons that AAE over 440nm to 
870nm and a scaled SSA at 440nm are reasonable, while COSMO does not make that assumpIon, 
with the values of SSA and ASY computed from COSMO varying across the wavebands in a way 
which is more realisIc than and more complex than using an angstrom exponent, consistent with 
new work elsewhere (Guan et al., 2026a,b; Tirpitz et al., 2026). Therefore, we next applied a 
relaIve-scaling test to define the appropriate BC-to-total aerosol benchmark and evaluate 
whether the observed model-AERONET FE magnitude falls within that expected range. 

 
Rela%ve scaling test 
The theoreIcally expected TOA FE scaling derives from the raIo of two seperately computed 

fracIons independent of the fi5ed FE regression. The BC absorp%on frac%on quanIfies BC's 
contribuIon to total column absorpIon at a single waveband (in this case 550nm): 

Rabs 	= 	
BC AAOD550

AAOD550
AERONET 

The BC forcing frac%on quanIfies the magnitude of BC TOA forcing from COSMO-RTM relaIve 
to the AERONET total-aerosol TOA forcing: 

RDRF = 
$DRFTOA,BC$

$DRFTOA,AERONET$
 

If the COSMO-RTM BC microphysics and radiaIve-transfer calculaIon are physically consistent 
with the independent AERONET total-aerosol forcing constraint, then the observed scaling 
between FEBC and FEAERONET should be consistent with: 

Expected TOA FE scaling = 
RDRF

Rabs
 

This expectaIon arises because the model BC FE represents radiaIve effect per unit BC 
absorpIon, while AERONET total FE represents radiaIve effect per unit total aerosol absorpIon. 
Their raIo therefore scales with the relaIve contribuIon of BC to both absorpIon and TOA 
forcing. Importantly, this expected scaling is not fi5ed from the FE regression itself; rather, it 
provides a physically constrained benchmark for evaluaIng whether the BC-only FE magnitude is 



reasonable relaIve to the AERONET total-aerosol FE. It is therefore not a direct validaIon of 
isolated BC forcing, but a relaIve-scaling consistency test designed for the case where the 
observaIonal product represents total aerosol forcing and the model isolates the BC component. 
Since this benchmark is a proporIonal raIo, it was compared with the origin-constrained COSMO-
RTM TOA FE - AERONET total aerosol TOA FE slope, FEBC	=	mFEAERONET , rather than with the 
ordinary OLS slope that includes an intercept. The ordinary OLS slope was used above only to 
diagnose regime-dependent strengthening of the relaIonship. 

Across all the matched retrieval, the median Rabs was 0.66 [95% CI: 0.62-0.69], indicaIng that 
BC accounts for approximately two-thirds of total column absorpIon in the matched Dhaka case 
at 550nm. This magnitude is consistent with previous global absorpIon-parIIoning esImates; 
for example, Sand et al. (2021) reported that BC contributes about 60% of total aerosol absorpIon 
on average. The corresponding median RDRF was 0.32 [0.29-0.35], indicaIng that COSMO-RTM BC 
TOA forcing accounts for approximately one-third of the AERONET total-aerosol TOA forcing 
magnitude. Together, these values yield an expected TOA FE scaling of 0.48 [0.44-0.53]. 

Table 1. Rela%ve-scaling diagnos%c between COSMO-RTM BC TOA FE and AERONET total-
aerosol TOA FE. 

Regime Rabs  
[95TH CI] 

RDRF  
[95TH CI] 

Expected TOA 
FE scaling [95TH 
CI] 

Observed 
origin-
constrained 
slope  [95TH CI] 

Median  
FEBC/FEAERONET 

All cases  066[0.62-
0.69] 

0.32[0.29-
0.35] 

0.48[0.44-0.53] 0.46[0.43-
0.48] 

0.48 

BC-like subset  
(SSA440 < 30th 

percenJle and 
AAE 0.8-1.4 ) 

0.51[0.45-
0.57] 

0.25[0.17-
0.32] 

0.50[0.33-0.62] 0.53[0.46-
0.61] 

0.55 

 
Table 1 shows that the observed proporIonal COSMO-RTM BC TOA FE - AERONET total aerosol 

TOA FE scaling is consistent with the expected BC-to-total aerosol benchmark. For all matched 
cases, the observed origin-constrained slope was 0.46 [0.43-0.48], closely overlapping the 
expected scaling of 0.48 [0.44-0.53]. For the BC-like subset, the observed slope increased to 0.53 
[0.46-0.61], while the expected scaling was 0.50 [0.33-0.62]. The median FEBC/FEAERONET raIo also 
increased from 0.48 to 0.55 under BC-like condiIons. Thus, the magnitude of COSMO-RTM BC-
only TOA FE while is not expected to match AERONET total-aerosol TOA FE one-to-one, but it falls 
within the physically interpretable BC-to-total aerosol scaling range, especially considering that it 
is based only on the single 550nm waveband. 

The decrease from 0.66 to 0.51 should not be interpreted as a weakening of the FE consistency 
result, because Rabs and RDRF are both recomputed for a different opIcally filtered subset. The 
relevant diagnosIc is not whether Rabs increases or decreases, but whether the raIo RDRF/Rabs 
agrees with the observed origin-constrained FE slope. This agreement is maintained for both all 
cases and the more absorbing BC-like subset. 

 
 
 
 



Concluding Remarks: 

§ COSMO-RTM BC TOA DRF and FE reproduce the relaIve day-to-day variability of AERONET 
total-aerosol TOA DRF and FE over Dhaka, indicaIng that the model does not produce a staIc or 
unconstrained radiaIve response. 
§ Regime-dependent behavior: The COSMO-RTM-AERONET TOA FE relaIonship 

strengthens under low-SSA, spectrally BC-like condiIons. The ordinary regression slope increases 
from 0.31 for all matched cases to 0.63 for the BC-like subset, showing that BC-only FE explains a 
larger fracIon of AERONET total-aerosol FE under absorbing BC-like regimes. 
§ The relaIve-scaling diagnosIc shows that the magnitude of COSMO-RTM BC-only FE is 

consistent with the expected BC-to-total aerosol scaling. Across all matched cases, the observed 
origin-constrained slope was 0.46, closely matching the expected TOA FE scaling of 0.48.  

While the above analysis does not cons%tute direct valida%on of BC-specific DRF, but it 
substan%ally reduces the concern that the target COSMO-RTM BC TOA that ML surrogate 
predict or are trained on, tracks independent AERONET temporal variability, strengthens under 
physically expected BC-like regimes, shows residuals organized by SSA and AAE, and falls within 
the expected BC-to-total aerosol FE scaling range. Therefore, the COSMO-RTM BC forcing 
framework is supported by independent observa%onal consistency, not by ML emula%on 
accuracy alone.  

 
Note: 
We were not able to replicate this AERONET forcing-efficiency analysis for Xuzhou. Since the 

transiIon of the Xuzhou site to the SONET system, there are no released total-aerosol DRF 
products available 

We have added this analysis to the Supplementary InformaIon as Sec%on S2, Itled “AERONET-
based consistency assessment of COSMO-RTM BC TOA forcing efficiency.” The new secIon 
includes the regime-dependent COSMO-RTM BC TOA-AERONET TOA FE comparison, residual 
dependence on AAE and SSA, and the relaIve-scaling diagnosIc used to evaluate whether the 
BC-only FE magnitude is consistent with the expected BC-to-total aerosol contribuIon. 
 
4. Only two sites, Xuzhou and Dhaka, were selected to validate the model, which in my opinion, 
is not sufficient to jusIfy the transferability of the model. Both sites are polluted urban regions, 
but BC can be extensive at biomass burning regimes, some of which are remote forest regions. 
Please consider adding more validaIon sites with different aerosol types. 

We thank the reviewer for this insighLul and construcIve comment. The previous findings in 
Tiwari et al., (2025) do demonstrate that these sites are quite different from each other, with one 
impacted heavily by primary emissions from lower efficiency combusIon and the other impacted 
more substanIally by long-range transported and aged urban emissions, as well as some local 
emissions which occur from higher efficiency combusIon. However, the suggesIon to test 
transferability beyond the two original yet vastly different mixed urban and light/heavy industrial 
sites was parIcularly valuable, as it prompted us to conduct addiIonal zero-shot evaluaIons in 



contrasIng aerosol regimes. This exercise has strengthened the manuscript and helped us refine 
our claims regarding model transferability. 

To explicitly address concerns about transferability to other environments, we evaluated the 
performance of the combined ML model (ML**, trained exclusively on the Xuzhou + Dhaka 
dataset) over two addiIonal regions with fundamentally different dominant aerosol types: 

Delhi, India (October-November 2024, post-monsoon period): A heavily polluted megacity 
strongly influenced by post-monsoon agricultural residue burning from the surrounding Indo-
GangeIc Plain, mixed with urban and industrial emissions. This period corresponds to the well-
documented peak of crop-residue burning influence on Delhi’s air quality (Mangaraj et al. 2025; 
Venkataraman et al., 2024). The introducIon of agricultural emissions is unique to this area, as 
well as the topography contribuIng to pooling and trapping of the atmosphere, quite disInct 
from the other two urban/industrial sites. 

Mongu, Zambia (July-October, 2024, dry-season): A remote site in southern Africa 
representaIve of intense biomass burning emissions during the peak dry season, and relaIvely 
clean condiIons other Imes of the year. Mongu is a long-term AERONET site frequently used to 
characterize southern African savanna fire emissions (Eck et al. 2013). This area has very intense 
combusIon during the burning period, with a very high fire radiaIve power and fires occurring in 
all direcIons around the observaIonal site, leading to a very different profile than the other areas 
studied. 

For both regions, we independently repeated the full observa%onal constraint workflow mul%-
wavelength SSA constraint (TROPOMI (388nm) + AERONET (440-1020nm)), total AOD filtering 
(MAIAC (470, 550nm) + TROPOMI (388nm)), thus deriving the BC microphysical and op%cal 
proper%es via the COSMO framework. Then we performed high-resolu%on SBDART radia%ve 
transfer simula%ons using consistent ancillary inputs. This yielded 23 days / 22,589 spaIo-
temporal pixels over Delhi and 34 days / 14,260 spaIo-temporal pixels over Mongu for which fully 
consistent COSMO-RTM BC TOA DRF values were generated. We then used the predictor values 
as input in the ML** and generated ML derived BC TOA for the two regions and compared the 
results with COSMO-RTM BC TOA. Results of the zero-shot transferability test are presented in 
the new Figure 6. 

 
Zero-shot Evalua%on Test 

ML** transfers well to Delhi (Adj. R2 = 0.91, RMSE = 2.3 W m-2, MAE = 1.9 W m-2, MBE = -1.7 W 
m-2), demonstraIng effecIve generalizaIon to a heavily polluted urban-influenced environment 
during a period when the aerosol loading is significantly influenced by surrounding agricultural 
burning. Performance at Mongu, however, degrades substanIally (Adj. R2 = 0.83, RMSE = 4.4 W 
m-2, MAE = 4.2 W m-2, MBE = -4.2 W m-2), with a systemaIc underpredicIon bias more than twice 
that observed at Delhi. The Adj. R2 of 0.83 indicates that ML** correctly tracks the relaIve 
variability in BC TOA DRF. However, the MBE of -4.2 W m-2 reveals systemaIc underpredicIon 
bias, i.e. the model consistently underpredicts BC DRF magnitude. 



 

Figure 6. Zero-shot transferability evalua%on of the combined ML** model (trained exclusively 
on Xuzhou and Dhaka data) over two contras%ng biomass burning-influenced regions. Ler 

panels show the spa%al distribu%on of VIIRS SNPP ac%ve fire detec%ons (fire radia%ve power 
in MW) during the study periods, with the loca%on of the local AERONET sta%on marked by a 
star. Right panels show the comparison between SBDART-derived BC TOA DRF (reference) and 

ML**-predicted BC TOA DRF. Density scakerplots include key performance metrics (sample 
size N, RMSE, MAE, MBE, and adjusted R2). Top row: Delhi, India (October - November, 2024), 

a complex urban-agricultural burning environment. Bokom row: Mongu, Zambia (August-
Ocotber, 2024), a remote savanna biomass burning site. 

The contrasIng performance between the two out-of-domain sites admits two interpretaIons: 
either ML** fundamentally fails to capture predictor and BC TOA relaIonship in new aerosol 
environments, or the degradaIon arises from a distribuIonal mismatch where the test site's 
features fall outside the training domain. DisInguishing these possibiliIes is criIcal for assessing 
model limitaIons and guiding improvements. We address this through the feature-space overlap 
analysis. 
 
 
 



Feature Space overlap Analysis  
Feature-space overlap analysis compares the distribuIon of all five key ML** predictors 

(BCAOD550, Nc, BCsize, mixing-state, Mc) between the ML** training dataset and each test region 
(Delhi, Mongu), using the fracIon of test samples within the training 2nd - 98th percenIle range, 
Cohen's d effect sizes, and interquarIle range overlap as diagnosIc metrics. 

For Delhi, all five predictors show > 97% overlap with the training distribuIon, with Cohen's d 
values uniformly below 0.30 and strong IQR overlap across all variables. This confirms near-
complete distribuIonal compaIbility between Delhi and the Xuzhou + Dhaka training data. The 
model is interpolaIng within its learned feature space, which directly explains the strong zero-
shot performance. The mixed urban-industrial emission along with agricultural burning 
influenced aerosol regime of Delhi during the post-monsoon period, while geographically disInct 
from the training sites, occupies essenIally the similar microphysical and opIcal parameter space 
that ML** encountered during training. For Mongu, the overlap analysis reveals a systemaIc, 
mulI-predictor distribuIonal mismatch across the key predictors. Sulfate size (which impacts the 
mixing state) shows the most severe divergence (60.7% overlap, Cohen's d = -2.83), followed by 
Nc (80.8% overlap, Cohen's d = +1.18), BCsize (84.2% overlap, Cohen's d = -1.67), and Mc (88.3% 
overlap, no IQR overlap). The seemingly high 88.3% overlap in Mc is driven solely by the 
distribuIonal tails, whereas the zero IQR overlap reveals that the bulk of Mongu's aerosol mass 
loading occupies a range enIrely disjoint from the training data's central tendency. The mixing-
state predictor reveals similar diagnosIc. Despite 99.2% overlap with the training range, Cohen's 
d = +1.02 indicates a large systemaIc shi�. This apparent contradicIon is physically interpretable 
as  mixing_state = BC size/total size can yield numerically similar raIos from fundamentally 
different microphysical configuraIons. In Mongu, the higher mixing-state arises from a small BC 
core (~103 nm) with a thin coaIng (~203 nm). In the training data, a similar raIo corresponds to 
a larger core (~120 nm) with proporIonally thicker sulfate coaIng (~480 nm). The raIo overlaps 
numerically, but the underlying parIcle architecture and thus the radiaIve behavior, is physically 
disInct. This mismatch is invisible to aggregate overlap metrics but captured by Cohen's d, 
explaining why these predictors may contribute to systemaIc underpredicIon at Mongu despite 
its high percenIle overlap. 

These results raise a cri%cal ques%on: are the Mongu retrievals (as derived from COSMO as 
large number column abundance of thinly coated small BC par%cles) physically representa%ve 
of southern African savanna fire aerosol? If the retrievals are unreliable, the feature-space 
divergence signals a methodological flaw; if they are physically realis%c, it signals a solvable 
training coverage problem. 
Physical Interpreta%on and Valida%on of COSMO Retrievals for Mongu 

The COSMO-retrieved BC core median size for Mongu (~103 nm) is smaller than the training 
dataset median used in ML** (Xuzhou+Dhaka). This is consistent with savanna fire BC parIcles 
which are emi5ed close to the source, in every direcIon, and hence regardless of the wind 
direcIon there is a substanIal amount of freshly combusted BC that has in turn undergone less 
coagulaIon and in-situ growth compared to relaIvely more aged urban BC characterisIc of 
Xuzhou and Dhaka. In-situ SP2 measurements of African biomass burning smoke consistently 
report BC core count median diameters in the range of ~100–200 nm, with values varying by 
transport age and fire type (Wu et al., 2021). The Mongu retrieval falls squarely in the middle of 



this range, as expected for a regional receptor site dominated by fresh to moderately aged 
savanna smoke. 

The retrieved median coaIng thickness is ~203 nm at Mongu versus ~432 nm in the training 
data, i.e., coaIngs ~53% thinner than those typical of urban BC. This aligns with the low sulfate 
burden and constrained secondary organic aerosol accumulaIon in remote southern African 
savanna environments, where industrial sulfur emissions are minimal. SP2-based measurements 
of West African savanna fire plumes report median BC coaIng thicknesses increasing from ~13 
nm at the source to ~50 nm a�er approximately 12 hours of atmospheric transport, reflecIng the 
limited coaIng accumulaIon characterisIc of flaming-controlled biomass burning (Wu et al., 
2021). For broader context, laboratory and field studies of biomass burning smoke have reported 
core-shell coaIng growth factors of approximately 1.45, corresponding to coaIng thicknesses of 
around 32 nm, though these esImates derive from temperate forest fire condiIons rather than 
African savanna fires (Lack et al., 2012). These are substanIally thinner than the relaIvely thick, 
chemically processed coaIngs characterisIc of urban-influenced BC in the training dataset. The 
lifecycle of biomass burning aerosol coaIngs further supports this, with rapid iniIal growth 
followed by slower accumulaIon or net loss with conInued ageing (Sedlacek et al., 2022), 
keeping coaIngs thinner relaIve to urban polluIon. Study by Wang et al., (2025) has shown that 
this area has a very high amount of NOx emi5ed during this Ime, which would provide a way 
through co-emi5ed NOx to rapidly form nitrate aerosols, which are opIcally idenIcal to sulfate, 
and hence could fill the gap between the thinner shell sizes observed using COSMO and the even 
thinner shell sizes from the above observaIonal studies. 

The higher mixing state at Mongu directly reflects this thinner coaIng regime. In this study 
higher values of mixing-state indicate that the BC core consItutes a proporIonally larger fracIon 
of total parIcle volume, corresponding to a less internally mixed, less chemically aged aerosol 
populaIon, also consistent with the shorter transport range from the fires to the AERONET site. 
This is the expected microphysical signature for savanna fire BC at a receptor site, the BC core 
remains dominant because sulfate condensaIon and organic coaIng accumulaIon are limited 
compared to heavily polluted urban environments (Wu et al., 2020, 2021; Lack et al., 2012), and 
only enhanced NOx emissions are likely contribuIng (Wang et al., 2025; J. Liu et al., 2024b). In 
biomass burning smoke, a large fracIon of organic material can also remain externally mixed, 
further preserving a higher effecIve mixing state relaIve to urban aerosols. 

The elevated column Nc at Mongu is consistent with the high parIcle number densiIes 
characterisIc of opIcally thick dry-season southern African smoke plumes. Dense savanna fire 
emissions conInuously produce substanIally higher number concentraIons (Wu et al., 2020; 
Holanda et al., 2020) than the more diffuse urban polluIon fields of Xuzhou and Dhaka. 

CriIcally, the COSMO framework imposes no a-priori assumpIons about aerosol source type. 
The retrieved BC core size, mixing state, and number and mass column density emerge purely 
from the requirement that core-shell Mie parameters simultaneously reproduce the observed 
mulI-wavelength SSA (TROPOMI 388 nm, AERONET 440-1020 nm) and are again constrained by 
total AOD (TROPOMI 388 nm, MAIAC 470 and 550 nm) within measurement uncertainIes. The 
strong independent agreement between these observaIon-driven microphysical retrievals and 
in-situ SP2 measurements of southern African savanna fire aerosol (Wu et al., 2020, 2021) 
provides independent physical support for the plausibility of the COSMO-retrieved Mongu 
microphysical regime. It confirms that the retrieved properIes at Mongu represent a physically 



realisIc and disInct aerosol regime rather than a retrieval arIfact. Consequently, the observed 
feature-space divergence from the training data is a genuine signature of savanna fire BC-an 
aerosol type underrepresented in the ML training, thus offering a physically grounded and 
staIsIcally rigorous explanaIon for the systemaIc underpredicIon at this site. 
 
ML** Model Revision: Incorpora%ng Biomass Burning Regimes into Training 

To improve transferability, we retrained the combined model (ML**; trained on Xuzhou +Dhaka) 
to revised combined model (ML***) by expanding the training dataset to include Delhi and Mongu 
alongside Xuzhou and Dhaka. This allows the model to learn the disInct microphysical signatures 
of biomass burning aerosol specifically, smaller BC cores, thinner coaIngs, and higher number 
concentraIons combinaIons that were under-represented in the original training data. 70% of 
the data from each region was used for training (Xuzhou: 73,898; Dhaka: 191,258; Delhi: 15,813; 
Mongu: 9,982; total: 290,952 samples). The remaining 30% from each region (Xuzhou: 31,671; 
Dhaka: 81,967; Delhi: 6,776; Mongu: 4,278; total: 124691 samples) was held out as a test set, 
that was completely unseen during model training. 

To prevent overfi�ng and ensure robust generalizaIon, we further split the 70% training data 
from each region into an internal training set (80%) and a internal test set (20%). The validaIon 
set was used solely to monitor model performance during training and to detect signs of 
overfi�ng - specifically, divergence between training and internal test metrics. No informaIon 
from the held-out test set (30% from each region) was used at any stage of model development, 
hyperparameter tuning, or validaIon. The internal validaIon showed minimal gap between 
training and validaIon performance (R2 difference < 0.005; RMSE difference < 0.05 W m-2), 
indicaIng no overfi�ng. The final model was then evaluated exclusively on the completely 
unseen held-out test data (Figure 7). 

On the completely unseen held-out test data, ML*** achieved strong and consistent 
performance across all four regions. For the urban sites, Xuzhou (N = 31,670) yielded Adj. R2 = 
0.95, RMSE = 2.0 W m-2, and MBE = -0.2 W m-2; Dhaka (N = 81,967) yielded Adj. R2 = 0.95, RMSE 
= 1.7 W m-2, and MBE = +0.2 W m-2. For the biomass burning-influenced site, Delhi (N = 6,776) 
achieved Adj. R2 = 0.94, RMSE = 1.6 W m-2, and MBE = -1.1 W m-2; Mongu (N = 4,278) achieved 
Adj. R2= 0.89, RMSE = 1.4 W m-2, and MBE = -0.8 W m-2. The near-idenIcal performance between 
urban sites and the modestly lower but sIll robust performance at Mongu demonstrate that 
ML*** performs effecIvely across diverse aerosol regimes without degrading urban accuracy. 

Finally, the ML*** was applied to the full datasets from all four regions and compared its 
performance against the original ML** model (combined model trained only on Xuzhou and 
Dhaka). This assesses two ques%ons: does adding biomass burning data improve performance 
at Mongu, which at the same %me preserving the accuracy of the results in both of the different 
original urban areas of Xuzhou and Dhaka? 
 



 

Figure 7. Performance of the revised combined model (ML***) on held-out test data across the 
four regions (30% from each region, 124,691 total samples, completely unseen during 

training). Panels show SBDART-derived vs ML***predicted BC TOA DRF 

The results show that, urban performance remains virtually unchanged; Xuzhou and Dhaka 
show negligible differences, confirming that incorporaIng extreme biomass burning cases from 
Mongu and mixed urban-biomass burning cases form Delhi does not compromise the model's 
ability to capture urban BC-radiaIon interacIons. ML*** substanIally improves performance at 
the biomass burning-influenced sites. For Delhi, RMSE improves by 30% and bias reduces by 35%. 
For Mongu, RMSE decreases by 68% and bias improves from -4.2 to -0.8 W m-2. Consistent 
performance across region by ML*** demonstrates that the revised combined model transfers 
effecIvely across diverse aerosol regimes, from polluted urban environments with signatures of 
biomass burning (Xuzhou, Delhi, Dhaka) to remote savanna fire (Mongu) environments. 
Table 2: Performance comparison between the original Xuzhou-Dhaka trained combined ML 
model (ML**) and the revised four-region combined ML model (ML***) for predic%ng COSMO-
RTM BC TOA DRF. 

Region N Model Adj. R2 RMSE 
(W m-2) 

MBE 

(W m-2) 
Xuzhou, 

China 
105,569 ML** 0.96 1.9 -0.26 

ML*** 0.96 1.9 -0.2 
Dhaka, 

Bangladesh 
273,225 ML** 0.96 1.6 0.1 

ML*** 0.95 1.6 0.2 
Delhi, 22,589 ML** 0.91 2.3 -1.7 



India ML*** 0.94 1.6 -1.1 
Mongu, 
Zambia 

14,260 ML** 0.83 4.4 -4.2 
ML*** 0.9 1.4 -0.8 

 

We have added this analysis to the main-text as Sec%on 3.6, Itled “3.6 Diagnosing transferability 
limits: zero-shot evalua%on on complex urban and biomass burning regions and improving ML** 

AddiIonally we have now revised our conclusion secIon in regards to transferability of  ML**. The 
revision on the conclusion secIons are as follows: 

Original Text: 

Apparent transferability limitaIons emerge clearly in ML* applicaIons, where systemaIc biases 
reflect mismatches in underlying aerosol microphysics rather than random error. These effects 
are substanIally miIgated in the ML** model, which achieves error metrics comparable to, and 
in many cases lower than, region-specific ML and well below the inter-model spread reported for 
BCTOA DRF. As such, ML** can serve as a computaIonally efficient surrogate to augment under 
well-characterized aerosol regimes, and act in-situ for repeated RTM simulaIons required for 
regional BCTOA assessment. For pracIcal deployment, two diagnosIcs are essenIal: (i) verifying 
overlap between the target region and training distribuIons of key predictors (e.g., BC core size, 
mixing-state, BCAOD550, and Nc), and (ii) confirming consistency in dominant forcing drivers using 
SHAP a5ribuIon. Significant divergence in either indicates reduced transferability and the 
conInued need for RTM benchmarking. 

Revised Text: 

“Transferability tests over Delhi and Mongu show that ML surrogate performance depends 
strongly on how well the target aerosol microphysical and op1cal regimes are represented within 
the training feature space. The original Xuzhou-Dhaka-trained combined model (ML**) 
reproduced Delhi reasonably well, indica1ng that geographically dis1nct regions can s1ll be 
predictable when their BC microphysical and op1cal predictors remain within the learned domain. 
In contrast, the systema1c underpredic1on over Mongu reflected a dis1nct savanna-fire regime 
characterized by smaller BC cores and thinner coa1ngs outside of the main ranges of the training 
dataset, as well as higher column number abundance near the top of the range of the training 
dataset, and shibed predictor distribu1ons rela1ve to the ML** training data. Incorpora1ng Delhi 
and Mongu into the revised four-region model (ML***) substan1ally reduced this bias, par1cularly 
over Mongu, while preserving performance over Xuzhou and Dhaka, and slightly improving 
performance of Delhi. These results indicate that transferability is not universal, but is diagnosable 
and can be improved by expanding the RTM training ensemble to include underrepresented 
aerosol regimes. Therefore, surrogate deployment should be preceded by a quan1ta1ve feature-



space compa1bility test. Simple inclusion within the training min-max range is not sufficient, 
because distribu1onal tails can mask systema1c shibs in the central predictor space. Instead, 
target-region predictors should be compared with the training domain using complementary 
diagnos1cs: (i) the frac1on of samples within the training 2nd-98th percen1le range, (ii) Cohen’s d 
effect size to iden1fy systema1c distribu1onal displacement, and (iii) interquar1le-range overlap 
to determine whether the bulk of the target distribu1on lies within the learned regime. This also 
demonstrates that the tradi1onal approach of prescribing fixed op1cal and microphysical 
proper1es for urban and biomass burning aerosol types - which global models currently heavily 
rely upon (Brown et al., 2021; Chen et al., 2023; Das et al., 2024) is likely incompa1ble with the 
diversity of microphysical proper1es revealed within each type by observa1onally constrained 
retrievals.” 

We have also revised our abstract adding the new results as: 

“To test transferability, the combined ML model (trained in Xuzhou, China and Dhaka, Bangladesh) 
was evaluated zero-shot on two addi1onal regions with contras1ng aerosol microphysical 
condi1ons represented by Delhi, India (urban and agricultural burning sources) and Mongu, 
Zambia (strong savanna fires). While transference to Delhi is reasonable (Adj. R2 = 0.91, RMSE = 
2.3 W m-2) there is a systema1c underes1mate at Mongu (Adj. R2 = 0.83; MBE = -4.2 W m-2). 
Feature-space overlap analysis aSributes this degrada1on to a distribu1onal mismatch in key 
microphysical predictors. Retraining on an expanded dataset including all four regions preserves 
urban performance while reducing Mongu RMSE by 68% and bias from -4.2 to -0.8 W m-2.” 

5. The interpretaIon of SHAP results may be over physical. SHAP only provides correlaIve 
behaviors in the model, not physical causality. Claims such as “BCAOD sign reversal”, “mixing state 
controls warming vs cooling” should be weakened. 

We thank the reviewer for this important clarificaIon. We agree that SHAP analysis should 
not be over-interpreted as independent evidence of physical causality. SHAP idenIfies model-
a5ribuIon pa5erns and predictor associaIons, rather than directly revealing the underlying 
causal physical mechanisms. The ML model is trained to reproduce the COSMO-RTM derived 
BCTOA values, and SHAP is used only as a diagnosIc tool to interpret how the trained surrogate 
distributes predicIon contribuIons among the input variables.  

Following the reviewer’s suggesIon, we have revised the SHAP discussion to avoid language 
implying that SHAP independently proves physical causality. Specifically, we now describe SHAP 
results as model-akribu%on pakerns, surrogate-model sensi%vi%es, or associa%ons between 
predictors in es%ma%ng BC TOA DRF, rather than as direct causal mechanisms. We also revised 
phrases such as “BCAOD sign reversal” and “mixing state controls warming versus cooling” to 
clarify that these refer to changes in the sign of SHAP akribu%on within the trained model, not 
to isolated physical perturbaIons of BCAOD or mixing state. 



Abstract: 
Original text: 
Predictor decomposiIon reveals BCTOA is primarily modulated by BC aerosol opIcal depth 

(BCAOD), column number density, and mixing state, with their relaIve importance and influence 
varying non-linearly across cooling-to-warming regimes. 

Revised text: 
SHAP-based predictor aSribu1on indicates that BCTOA es1mates are most strongly associated 

with BC aerosol op1cal depth (BCAOD), column number density, and mixing state, with their 
rela1ve contribu1ons varying non-linearly across cooling-to-warming regimes. 

Sec%on 3.3: 
Original text: 
To interpret and quanIfy the contribuIon of individual predictors to the BCTOA radiaIve 

forcing, we applied Shapley AddiIve exPlanaIons (SHAP) analysis.  This analysis provides a model-
agnosIc measure of how variaIons in BC opIcal, microphysical, and column properIes influence 
the predicted TOA forcing under contrasIng atmospheric and emission environments in Xuzhou 
and Dhaka (Figure 5), while explicitly accounIng for non-linear feature interacIons.  

Revised text: 
To interpret how the ML surrogate reproduces COSMO-RTM-derived BC TOA, we applied SHAP 

analysis to decompose the model predic1ons into feature-level aSribu1ons (Figure 5). This 
provides a diagnos1c of how BCAOD550, column number density, mixing state, BC size, and 
column mass contribute to predicted BCTOA across Xuzhou and Dhaka. 

Original Text: 
In this context, the present SHAP analysis further also reveals that per-parIcle microphysics 

and overall column loading can each contribute may also strongly associate with either posiIvely 
or negaIvely to TOA forcing, depending on their coupled state. 

Revised Text: 
In this context, the SHAP analysis further shows that variability in per-par1cle microphysics 

and column loading contribu1ng to BCAOD variability do not map onto a single TOA response, 
instead depending on their coupled state, they are associated with either posi1ve or nega1ve 
contribu1ons to predicted BCTOA. 

Original text: 
This sign change in SHAP associaIon, likely, reflects a transiIon in the modeled radiaIve 

response… 
Revised text: 
This sign change in SHAP likely reflects a transi1on in the modeled radia1ve response 
Original text: 



In this context, the present SHAP analysis further reveals that per parIcle microphysics and 
overall column loading can each contribute either posiIvely or negaIvely to TOA forcing, 
depending on their coupled state. 

Revised text: 
In this context, the SHAP analysis further shows that per-par1cle microphysics and column 

loading do not map to a single TOA response, instead depending on their coupled state, they are 
associated with both posi1ve or nega1ve contribu1ons to predicted BC TOA. 

Original text: 
…with only the upper ~31% of column mass loading (>450 mg m-2) contribuIng to cooling 
Revised text: 
…with only the upper ~31% of column mass loading (>450 mg m-2) associated with cooling in 

the model predic1on. 
Conclusion: 
Original text: 
SHAP analysis further reveals that BC radiaIve forcing is governed by strong non-linear 

interacIons among… 
Revised text: 
SHAP analysis of the trained surrogate further indicates that model learns parametriza1on, in 

which the predicted BC TOA DRF depends strongly on non-linear interac1ons among…. 
 

Minor Comments: 

1. Terminologies are not clear. “BCTOA”, “TOA forcing”, “BCTOA DRF” are used interchangeably; 
“mixing state” is sometimes defined, sometimes assumed; “Cooling-to-warming regimes” and 
“TOA regimes” are introduced informally and not rigorously defined. 
We thank the reviewer for highlighting these inconsistencies. We have implemented the 
following clarifications throughout the manuscript: 

(1) BC TOA , BC TOA DRF and TOA: We confirm that BC TOA and BC TOA  DRF are used 
interchangeably to denote black carbon top-of-atmosphere direct radaitive forcing, 
unless otherwise stated. The standalone abbrevation TOA is now reserved exclusively for 
general references to the top of the atmosphere (TOA) (e.g. “aerosol direct radiative 
forcing at the top of the atmosphere (TOA)”). A disclaimer to this effect has been added 
in the introduction to prevent any confusion. 

(2) Mixing state was defined in line 234 in the Method as ratio of BC core size to total size. 
Higher mixing state are proxy for large BC cores which are relatively less coated, while 
lower mixing state are proxy of aged BC particles. 

(3) We agree that these regimes were introduced informally in the original manuscript. They 
are now formally defined in Section 2.2 (immediately following the pollution and 



morphological regime categorization), where the stratified model-testing framework is 
established. The revised text reads: 
“ Similarly, BC TOA forcing regimes, characterizing the transition from strong cooling to 
warming effects were defined by stratifying SBDART-derived BC TOA ensemble for both 
the regions into percentile-based categories. Low BC TOA (strong cooling, ≤25th 
percentile), Mid-Low BC TOA (25th-50th percentile), Mid-High BC TOA (50th-75th percentile), 
and High BC TOA (warming, ≥75th percentile).” 

2. Typos: Missing spaces (e.g., “AOD550values”); Repeated words (“also also incorporate”); 
Inconsistent units formatting (e.g., W m-2 vs. W m-2). 
We thank the reviewer for this careful reading. We have tried our best to proof read the 
mansucript and correct the typographical and formatting inconsistencies. Specifically: 

i.) Missing spaces have been inserted  
ii.) Instances of repeated words, including “also also incorporate” (line 73), have been 

removed ; and 
iii.) Unit formatting has been standardized to W m-2 

3. Several figures, such as Figures 3 and 4, are overcrowded and the fonts are too small. 
We thank the reviewer for this constructive observation. To reduce overcrowding and improve 
legibility, we have relocated panels h) and i) from Figure 3 to the Supplementary Information (see 
new Supplementary Figure S3), where the core-shell size distributions are presented with 
enlarged axes and labels. The main-text Figure 3 now retains panels a) through h), allowing the 
probability density distributions of the key predictors to be displayed at a larger scale. 
Additionally, both Figure 3 and Figure 4 have been regenerated at higher resolution with 
substantially increased font sizes for all axis labels, tick marks, and legends to ensure clarity. 
 
4. Please add 1:1 line, and statistics (Bias, RMSE) to Figure 4. 
We appreciate this helpful suggestion. We have revised Figure 4 to include 1:1 reference lines in 
all scatter-density panels (a-f), enabling immediate visual assessment of how closely each 
surrogate model (Linear, MLR, and ML) tracks the SBDART-derived BC TOA benchmark. 
Furthermore, we have added performance statistics-including Bias, RMSE, MAE, MAPE and Adj. 
R2 directly as insets  within each corresponding panel. The figure has been regenerated at higher 
resolution with enlarged fonts to ensure that all statistical annotations and the 1:1 line are clearly 
legible. 
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