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Abstract. Cloud droplet number concentration (Ng) in warm liquid clouds plays a crucial role in understanding
cloud microphysical processes and the influence of aerosol—cloud interactions (ACI) on Earth’s climate. Ng from
satellite-retrieved cloud properties such as the cloud optical thickness () and cloud droplet effective radius (7¢)
can be biased due to the three-dimensional (3D) radiative transfer (RT) effects. Using Large-Eddy Simulation
(LES) cloud fields and RT simulations, this study investigates how biases in cloud property retrievals caused
by 3D-RT effects impact the derived Ny and subsequent regression-based albedo-susceptibility estimates. Our
sensitivity studies confirm that the bi-spectral retrievals using the 3.7 ym channel — whose r. retrieval is clos-
est to cloud top — shows better agreement with Ng from our LES models, compared to results based on the
1.6 and 2.1 um retrievals. At native LES resolution, Ny across all absorbing channels is strongly impacted by
the 3D-effects, with the magnitude depending on the solar zenith angles (SZAs); on average, for high/low sun
conditions Ng under 1D-RT overestimates/underestimate its 3D-RT counterpart, which indicates dominant dark-
ening/brightening effects. At coarser satellite-like resolutions, average statistics between 1D and 3D retrievals
agree better, indicating compensation between 3D and plane-parallel averaging assumptions. Furthermore, our
regression-based albedo-susceptibility results evaluated at the top of cloud domain show that 3D RT greatly mod-
ifies the local @—Ny relationship at native LES resolution, especially under more oblique solar geometry, but the
differences between 1D- and 3D-regression-based susceptibility estimates are substantially reduced at coarser
resolution and low-to-moderate LWP/t regimes. These results indicate that although 3D RT can strongly affect
domain-top regression-based susceptibility at the LES resolution, its impact is reduced at satellite-like spatial
resolution for low to moderate LWP/7 regimes.
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1 Introduction

Aerosols influence Earth’s radiative budget both directly by
scattering and absorbing radiation and indirectly by modi-
fying cloud properties. An increase in aerosol particles that
serve as cloud condensation nuclei (CCN) in warm clouds
typically leads to a decrease in cloud droplet effective radius
(re), and an increase in the cloud droplet number concentra-
tion (Ng). This results in a more reflective cloud for a given
liquid water path (LWP), known as the first aerosol indirect
effect or Twomey effect (Twomey, 1974, 1977), leading to
the radiative forcing from aerosol-cloud interactions (ACI),
(RF,¢i) (Bellouin et al., 2020; Forster et al., 2021). In addition
to the Twomey effect, increased aerosol concentrations can
cause additional cloud responses, such as changes in LWP
and suppression of precipitation (Albrecht, 1989).

In most remote sensing—based studies of ACI, aerosol ef-
fects on clouds are estimated through changes in Ng. There-
fore, continuous and accurate measurements of N4 at re-
gional and global scales are essential to improve understand-
ing of aerosol impacts on cloud microphysical and optical
properties, as well as to evaluate RF,. Satellite-based re-
mote sensing is commonly employed for such observations
because alternative methods for measuring Ny are often lim-
ited or unavailable.

Operational passive satellite instruments such as the
Moderate-resolution Imaging Spectroradiometer (MODIS)
do not directly retrieve Ng. Instead, Nq is derived from other
retrieved parameters — namely, cloud optical thickness (7)
and r, — under assumptions about cloud adiabatic growth and
the constancy of Ny throughout the cloud depth (Boers et al.,
2006; Grosvenor et al., 2018; Quaas et al., 2006). Such es-
timates of Ny derived from passive imager observations rely
on the 7 and r, retrieved via the so-called bi-spectral retrieval
techniques (e.g., Nakajima and King, 1990; Twomey and Se-
ton, 1980). The bi-spectral retrieval method simultaneously
retrieves 7 and r, using cloud reflectance measurements from
two spectral bands. Typically, one band is selected from a
non-absorbing visible or near-infrared (VNIR) spectral re-
gion (e.g., wavelength centered near 0.86 um), which is pri-
marily sensitive to t, while the other is chosen from a moder-
ately absorbing shortwave infrared (SWIR) (e.g., wavelength
centered near 2.1 um) or mid-wave infrared (MWIR) (e.g.,
wavelength centered near 3.7 um) spectral region, which is
more sensitive to re.

While bi-spectral retrievals from passive instruments like
MODIS have significantly advanced our understanding of
clouds, N4 derived from these retrievals may contain large
errors and uncertainties. These arise from assumptions made
both in the retrieval process and in the computation of Ny,
which affect their applicability for aerosol—cloud interaction
and other process studies (Gryspeerdt et al., 2016; McCoy et
al., 2017; Quaas et al., 2020). All operational bi-spectral re-
trievals rely on one-dimensional (1D) radiative transfer (RT)
theory, which assumes that the atmosphere within each pixel
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is horizontally homogeneous (plane-parallel assumption) and
that each pixel is independent of its neighbors (independent
pixel assumption), primarily for computational efficiency.
However, real clouds have complex 3D structures, requir-
ing RT simulations that account for both vertical and hori-
zontal radiation transport, known as “3D RT”. This is chal-
lenging because detailed 3D cloud structures are generally
unknown a priori, and even when available, 3D RT simu-
lations are computationally expensive and not operationally
feasible. The deviation of the 3D RT in real clouds from the
1D RT theory as the backbone of operational cloud retrieval
algorithm is often referred to as the 3D radiative effects.
These effects can introduce substantial biases in cloud prop-
erty retrievals and radiative quantities that are based on 1D
RT (Marshak et al., 2006; Vérnai and Marshak, 2002; Zhang
et al., 2012, 2016; Zinner et al., 2010; Cornet and Davies,
2008). This paper focuses on investigating how errors due to
3D radiative effects associated with retrieved cloud proper-
ties (r and r.) impact derived Ng statistics, and how these
errors affect regression-based albedo susceptibility estimates
and interpretations of the first aerosol indirect effect. Evalu-
ating 3D effect errors on derived Ny from LES model fields
can improve constraints on Ny, thereby provide better under-
standing of ACI and RF,;.

From the perspective of results, 3D RT can cause bright-
ening or darkening phenomena in observed cloud reflectance
compared to 1D RT. Brightening occurs when cloud re-
flectance in 3D RT is higher than in 1D RT, while darkening
occurs when clouds appear darker under 3D RT relative to
1D RT. These effects can significantly impact the retrievals
of 7 and r. (Kato and Marshak, 2009; Marshak et al., 2006;
Viarnai and Marshak, 2002). For example, brightening ef-
fects typically lead to overestimated t and underestimated
re retrievals, while the darkening effects typically result in
underestimated 7 and overestimated r. when compared to
1D RT retrieved results (Marshak et al., 2006). Several fac-
tors can contribute to 3D radiative effects in broken cloud
fields, including variability in cloud-top height, cloud hori-
zontal and vertical heterogeneity, solar and viewing geome-
try, and light scattering from optically thick to optically thin
regions. Previous studies have shown that solar and observa-
tion geometry strongly modulate how these 3D effects appear
in bi-spectral cloud-property retrievals, influencing both the
sign and magnitude of retrieval errors in t and r. (Kato and
Marshak, 2009; Marshak et al., 2006; Zhang et al., 2012),
with these errors being generally more pronounced in bro-
ken cloud fields.

Over the past decade, several studies related to aerosol-
cloud interactions have utilized Ny estimates or the Ng—LWP
relationship obtained from bi-spectral retrievals to study the
impact of aerosols on clouds, evaluate RF,;, and quantify re-
lated uncertainties. For example, Grosvenor et al. (2018) esti-
mated that Ny from passive remote sensing instruments at the
pixel scale have a relative uncertainty of 78 % (dominated by
errors in r. retrievals) for optically thick single layer strati-
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form clouds. Quaas et al. (2020) reviewed the challenges and
uncertainties in constraining the Twomey effect from satel-
lite observations, suggesting that past studies have likely un-
derestimated the sensitivity of Ny to aerosol perturbations,
leading to an underestimation of the Twomey effect’s radia-
tive forcing. Arola et al. (2022) used satellite and simulated
data to show that natural spatial variability and errors in bi-
spectral retrievals of 7 and . propagate into Ng and LWP es-
timates and can cause positive LWP adjustments to be misin-
terpreted as negative, often leading to an underestimation of
the cooling effect of ACI. Recent studies by Loveridge and
Di Girolamo (2024) used a combination of synthetic cloud
fields, RT simulations, and satellite observations to show that
commonly used sampling strategies for Ny derived from bi-
spectral retrievals, do not eliminate systematic biases caused
by cloud heterogeneity, potentially leading to an overestima-
tion of aerosol indirect effects in climate studies.

While previous studies have quantified uncertainties in Ng
derivations, investigated cloud adjustments under varying en-
vironmental conditions, constrained the Twomey effect us-
ing satellite observations, and tested filtering strategies on
retrieved Ny, few have specifically examined how errors aris-
ing from 3D radiative effects propagate into Ny calculations
and influence the estimation of the Twomey effect from satel-
lite data (e.g., Arola et al., 2022). Understanding this link-
age is crucial, as 3D radiative effects can introduce biases in
cloud property retrievals that may significantly affect albedo
susceptibility estimates and our interpretation of ACIL.

The goal of this work is to build on previous studies by
investigating how 3D radiative effects, which influence re-
trievals of t and r., propagate into N4 derivations calculated
from the retrievals. We further aim to examine how these ef-
fects impact regression-based albedo susceptibility estimates
derived from such retrievals. Specifically, using our model
LES fields, we seek to answer the following questions: How
do the brightening and darkening effects that impact the re-
trieved r. and t affect calculations of N43? Does the derived
Ny change significantly when different wavelength pairs are
utilized in the bi-spectral retrievals used for the Ng calcu-
lations? And how do the 3D effects impact these changes?
Finally, how do 3D effects impact albedo susceptibility esti-
mates derived from bi-spectral retrievals?

The paper’s remaining structure is arranged as follows:
Sect. 2 briefly describes the data and theory for the study.
Results and discussions on how the 3D radiative effects in-
fluence calculations of Ny and regression-based albedo sus-
ceptibility estimates are presented in Sect. 3. The summary
and conclusion are given in Sect. 4.

2 Data and Theory

2.1 Cloud Field Dataset

Since clouds in the real atmosphere are always influenced to
some extent by 3D radiative effects, relying solely on obser-
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vational data to understand these effects and their impacts on
derived Ny is challenging. To address this challenge, many
studies (e.g., Ademakinwa et al., 2024; Miller et al., 2018;
Rajapakshe and Zhang, 2020; Zhang et al., 2012) have uti-
lized synthetic cloud fields and RT simulations to mimic the
satellite observation-retrieval process and study the 3D ra-
diative effects on retrieved 7 and r.. A major advantage of
this approach is that the LES cloud field provides the model
“truth” which is difficult to obtain in real world observations.
Also, the flexibility of this approach allows investigation of
various cloud mechanisms at different levels of complexity.
For example, we can analyze the 3D RT impacts by compar-
ing retrievals from 3D RT with those from 1D RT. Disadvan-
tages of this approach are that the usefulness of such a study
depends on the realism of the synthetic microphysical and
water content fields; which, like the satellite retrievals them-
selves are difficult to validate, as well as the limited variabil-
ity in scene properties that can be run and processed com-
pared to global satellite sampling.

This study utilizes a similar state-of-the-art satellite re-
trieval simulator as in Zhang et al. (2012) and Ademakinwa
et al. (2024) that applies 1D and 3D RT simulations to syn-
thetic cloud fields. In this work, our cloud fields are Large
Eddy Simulation (LES) models (Distributed Hydrodynamic-
Aerosol-Radiation Modeling Application (DHARMA)) with
bin microphysics (Ackerman et al., 2004; Miller et al., 2016;
Zhang et al., 2012). They consist of different initial aerosol
loadings derived from an idealized case study by Stevens
et al. (2001) conducted during the Atlantic Trade Wind
Experiment (ATEX). Three LES cases of different initial
aerosol loadings are examined throughout this study. The
first case has a CCN loading of 40 cm™ (hereafter referred
to as “ATEX clean”), the second case has a CCN loading
of 75 cm™3 (hereafter referred to as “ATEX control”), while
the third case has a CCN loading of 600 cm™> (hereafter re-
ferred to as “ATEX polluted”). The LES provides a model
“truth” for the 3D cloud microphysical properties, which are
used as a baseline for comparisons with numerically simu-
lated retrievals. The droplet sizes in the LES consist of 25
bins (0.874 uym <radius <281.76 um) used to represent the
distribution of droplet sizes (Ackerman et al., 1995) and Mie
scattering properties are bulk averaged over a highly resolved
flat sub-bin to obtain the optical properties for each size bin.
This serves as input for RT simulations based on the size
distributions of the LES cloud fields. The LES cases have a
domain size of 9.6 x 9.6 x 3km (x X y x z), with a horizontal
spatial resolution of Ax = Ay = 100 m and a constant verti-
cal grid spacing of Az =40m. These grid resolutions were
selected such that individual cumulus clouds are appropri-
ately resolved; however, it is expected to exhibit vertical ar-
tifacts near the inversion due to unresolved entrainment pro-
cesses at these resolutions (Stevens et al., 2002). Additional
information about the model setup for these LES cases can
be found in Fridlind and Ackerman (2011) and Zhang et al.
(2012). For each LES case, snapshots of cloud microphysical
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properties are taken every half hour after the first 4 h of each
simulation, resulting in 9 cloud scenes per LES case and a
total of 24 cloud fields.

The LES cloud fields comprise of spatially inhomoge-
neous microphysical properties, and these cloud properties
change as the LES cloud field evolves at each time step.
Figure 1 provides a map of the t derived from the LES
droplet size distributions for the ATEX clean, control and
polluted cases at 4.0h of simulation time. The map shows
that the scenes are typically characterized by broken clouds
with cloud fraction (CF; defined as a fraction of columns with
7>0.3) greater than 70 % in each LES case (CF of 73.7 %,
77.2 % and 73.3 % for the ATEX clean, control and polluted
cases respectively).

2.2 Radiative Transfer Setup

The spherical harmonics discrete ordinate method (SHDOM)
RT model developed by Evans (1998) was utilized to model
reflectance for both 3D and 1D RT at the native LES reso-
lution of 100 m. The RT simulations were performed for 6
solar zenith angles (SZAs) spanning from 10 to 60° in incre-
ments of 10°. A fixed nadir viewing zenith angle (VZA), and
a constant relative azimuthal angle (A® = 30°) were used
throughout the study. The simulations for cloud retrievals are
performed based on MODIS spectral response function for
MODIS Band 2 (0.86 pum), Band 6 (1.6 um), Band 7 (2.1 um),
and Band 20 (3.7 um). We hereafter refer to these bands by
their respective nominal wavelengths. It is important to note
that although the 3.7 ym channel normally comprise of both
solar and thermal portion and recent study by Loveridge and
Di Girolamo (2024) suggest that contribution of the thermal
emission to the error budget in the 3.7 um retrieved r. can
sometimes be significant — partly due to their analysis uti-
lizing partly cloudy pixels. This work assumes that the ther-
mal emission in the 3.7 um band can be removed with no
error and thus have used only the solar portion in our RT
calculations. For all RT simulations in this study, the surface
was assumed to be Lambertian with an albedo of 5 % (an as-
sumption approximating ocean surfaces under diffuse illumi-
nation), and double periodic horizontal boundary conditions
were applied.

Observational studies usually estimate cloud susceptibil-
ity from derived Ny and broadband flux observations from
Clouds and the Earth’s Radiant Energy System (CERES) (e.g
Painemal and Minnis, 2012). The CERES TOA flux is ob-
tained from directional radiance measurements using scene-
dependent anisotropy factors (often described via angular
distribution models, ADMs), and therefore the CERES ra-
diance to flux procedure explicitly accounts for the angular
redistribution of radiation. In this study, rather than approxi-
mating fluxes from a single viewing direction or adopting an
ADM assumption at LES scales, we compute the shortwave
flux and albedo directly from radiative transfer by hemispher-
ically integrating the upwelling radiance (/) at the top of
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the RT domain over a discrete angular grid. The integra-
tion is performed using radiance simulations at 37 viewing
zenith angles (6,) spanning 0-90° in 2.5° increments and 16
viewing azimuth angles (¢, ) spanning 0-360° in 22.5° incre-
ments. The upwelling flux (F') at solar zenith angle 6, is
defined as:

2n /2

FT(90)=//1(9V,¢;eo)cosevsinevdevdqs, (1)
0 0

where ¢ is the azimuth integration variable, ¢ = ¢y — @, is
the relative azimuth angle, with ¢, and ¢, denoting the view-
ing and solar azimuth angles, respectively.

To ensure accurate flux and albedo estimates from the
discrete angular sampling, the hemispheric integration was
evaluated using finite-volume angular quadrature, in which
each viewing-zenith bin was weighted by the exact integral
of cos6, sinf, over its bin edges and each azimuth bin was
weighted by its corresponding A¢. The resulting hemispher-
ically integrated upwelling flux was then normalized by the
incident solar flux at the top of the domain to obtain the
broadband albedo (&), defined as:

F1(6,)
Fouo

a(6o) = 2
where F, is the incident solar flux at domain top and p, =
cos,. The broadband shortwave (0.3-5 pm) radiances used
in the hemispheric integration are calculated for 13 out of the
14 Rapid Radiative Transfer Model (RRTM) spectral bands
in the shortwave. Notably, we have excluded RRTM band
28 (0.2-0.26 um) from these calculations because our Mie
property computations failed for large droplet size bins (large
size parameter). This exclusion is unlikely to impact the re-
sults significantly because this band contributes very little to
the solar shortwave radiative energy budget. Unless other-
wise stated, all albedo and susceptibility results presented in
this study are based on these flux-derived broadband quan-
tities computed consistently for both 1D and 3D forward
RT simulations. Within a 1D RT framework, the upwelling
flux and corresponding albedo can be interpreted locally be-
cause each column is radiatively independent from surround-
ing columns. However, within a 3D RT framework the hori-
zontally resolved albedo field is not a uniquely local cloud-
column quantity. The value of « calculated for a particular
pixel depends on the height or reference at which the up-
welling irradiance is registered (for our study the reference
is at the top of the RT domain), because horizontal photon
transport and angular integration redistribute radiative con-
tributions from neighboring columns. Thus, different regis-
tration levels can produce different spatial variances of « and
different covariances between « and local cloud properties.
For example, if the irradiance field is evaluated at a level
far above the cloud relative to the horizontal domain size,
the locally registered albedo field can become increasingly
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Figure 1. Map of the Large Eddy Simulation (LES) cloud optical thickness (t) for the (a) ATEX clean, (b) ATEX control, and (¢) ATEX

polluted case at the 4 h simulation time.

smooth and approach a spatially uniform value, even though
the area-averaged reflected flux remains physically well de-
fined. Therefore, the local o used in the regression-based
susceptibility calculations in this study should be interpreted
as a domain-top, locally registered albedo diagnostic from
the forward RT calculation, not as a unique column-resolved
TOA albedo or as the exact 3D RT albedo susceptibility. The
physically invariant 3D susceptibility is instead the response
of area-averaged albedo to perturbations in cloud optical or
microphysical properties, which we discuss in Sect. 3.4.

2.3 Bi-Spectral Retrieval Method

The bi-spectral retrieval method (Nakajima and King, 1990)
described in Sect. 1 was applied to the simulated reflectance
(see Sect. 2.3 in Ademakinwa et al., 2024). This method re-
lies exclusively on homogeneous 1D RT assumptions to in-
terpret the observed cloud reflectance. Its implementation is
done using a precomputed lookup table (LUT), which in-
cludes computed 1D spectral reflectance for different T and
re combinations and solar-view geometries. The LUT then
is used to find the v and r. whose computed reflectance best
matches the observed (here, modeled LES) cloud reflectance.
Notably, for small 7, retrieval uncertainty increases because
the isolines of the LUT are less orthogonal and more tightly
packed. This LUT non-orthogonality has significant conse-
quences for observations with high spatial inhomogeneity
below the pixel level resolution (Zhang et al., 2012, 2016)
leading to the plane parallel homogeneous approximation
(PPHA) bias. The consequences of both unresolved inhomo-
geneity and 3D radiative effects changes with spatial resolu-
tion and are examined in Sect. 3.3.

The VNIR reflectances used for the bi-spectral retrievals
were calculated for 0.86 um, while the SWIR and MWIR re-
flectances were calculate for the 1.6, 2.1 and 3.7 pum channel.
We use a simplified cloud masking method that makes use
of the 0.86 um reflectance (i.e., R (0.86 um) >0.07) to iden-
tify cloudy pixels after radiative transfer simulations. The
LUTs for this study have 73 effective radii spanning from
4 to 40 um and 105 log-spaced t values spanning from 0.1
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to 150. A constant effective variance (v.) value of 0.1 in the
gamma representation of the droplet size distribution is ap-
plied, consistent with operational MODIS retrievals. For con-
sistency, the same surface albedo of 5 % used in all our LES
RT reflectance simulations is applied in the LUT reflectance
simulations.

We implement retrievals using reflectance simulations at
the native LES resolution (100 m) and spatially average to a
coarser MODIS-like resolution. For the MODIS-like resolu-
tion retrievals, we averaged reflectance from the LES res-
olution of 100 to 800 m resolution and utilized this area-
averaged reflectance as input into the LUT for retrievals.
Note that we have used 800 m resolution instead of the
MODIS nadir 1 km because it divides evenly into our LES
domain. Also, sensitivity analyses (not presented) suggest
minimal differences between t and r, retrievals at 800 m and
1 km resolutions.

When averaging from high resolution to coarse resolution,
we distinguish between overcast and partially cloudy pixels,
depending on whether or not clear-sky pixels are included in
the average reflectance. Firstly, if one or more pixels used for
the area average is a clear-sky pixel, we classify the result-
ing pixel as a “partially cloudy pixel”. Secondly, if all pixels
utilized for the area average are cloudy, we classify the aver-
aged resulting pixel as an “overcast cloudy pixel”. With this,
we define a category “all cloudy pixels” to consist of both
partially cloudy and overcast cloudy pixels.

Cloud property retrievals that utilize area-averaged re-
flectances are impacted by unresolved (i.e., sub-pixel) spa-
tial cloud inhomogeneity that can bias retrieval results, espe-
cially if the average is done over a highly inhomogeneous t
region. For example, Zhang et al. (2012) demonstrated us-
ing RT simulations how the nonlinearity in the LUT space
(non-orthogonality of the T and r. LUT grid) can lead to
plane-parallel albedo bias (Cahalan et al., 1994; the retrieved
T from the average reflectance of inhomogeneous cloud pix-
els tends to be smaller than the average of the sub-pixel 1)
and plane-parallel 7. bias (re retrieved from area-averaged
reflectances over inhomogeneous 7 region is overestimated
compared the original r¢).

Atmos. Chem. Phys., 26, 11449-11471, 2026
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2.4 N4 and LWP Estimates
241 Ngand LWP from LES

Cloud vertical structures in realistic cloud fields, such as the
LES cases considered in this study, have microphysical prop-
erties (e.g., Ng and LWC) that vary vertically within each
profile. Therefore, describing a single representative micro-
physical property value as a reference in the LES, requires
accounting for the vertical distribution of the profile and on
the application of interest. For example, most ACI and in situ
studies typically take the reference N4 as an average value
of Ny across the cloud vertical extent from cloud base to
cloud top, or cloud-base Ny (e.g., Gryspeerdt et al., 2022;
Painemal and Zuidema, 2011). In contrast, we adopt a dif-
ferent definition of Ny due to our application of interest:
this study evaluates 3D effects biases in passive, radiance-
based bi-spectral retrievals and examines how these biases
propagate into Ng and albedo susceptibility estimates. Be-
cause passive retrievals and reflected SW radiative flux are
most sensitive to the optically active portions of the cloud, a
simple vertical mean does not necessarily provide the most
radiatively relevant LES reference. We therefore define a
radiation-relevant reference droplet number concentration in
the LES as an extinction-weighted vertical mean, denoted
Ng_Lgs. This is achieved by weighting Ny over the extinc-
tion coefficient (Bex;) at each layer (z) as given by:

CBH

1
Noiss = f Na(2) e (). 3)
CTH

where = S (Bex)dz. With this definition, layers with
higher Bex; contribute more to the weighted value because
they play a larger role in how the cloud interacts with scat-
tered radiation, while reducing the influence of optically
tenuous layers near cloud boundaries. We emphasize that
Ng_LEs is not intended to replace the vertically averaged
or cloud-base Ny definitions commonly used in in situ and
field-validation studies. Rather, it is used here as a radia-
tively weighted LES reference that is more directly aligned
with the passive retrievals and broadband albedo analyzed
in this study. Therefore, agreement between retrieval-derived
N4 and Ny 1gs should be interpreted as agreement with a
radiatively effective cloud-column quantity, not necessarily
as agreement with the vertically averaged or cloud-base Ng.
This choice limits the theoretical interpretation of the re-
trieved Ny as a purely microphysical quantity, but it provides
a more appropriate reference for evaluating how retrieval er-
rors propagate into albedo susceptibility estimates. Also, the
column LWP from the LES (LWPpgs) is obtained by inte-
grating vertically the cloud liquid water content (LWC) from
CBH to CTH in each column, expressed as:

CBH
/ LWC (2)dz. @)
CTH

LWPpgs =
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2.4.2 Satellite-Based Ny and LWP Retrievals

Following previous studies, we calculate Ng from bi-spectral
retrievals of 7 and r. following a pseudo-adiabatic model
which assumes that (i) the LWC increases linearly (as a fixed
fraction of its adiabatic value) with the cloud geometrical
height and that (ii) Ny is constant vertically. Here, Ny is
calculated from 7 and r. (denoted as Ny ca1) according to
Grosvenor et al. (2018) which consolidates on prior effort by
several previous studies (e.g., Brenguier et al., 2000; Quaas
et al., 2006; Boers et al., 2006). Thus, we follow Grosvenor et
al. (2018) simplified equation to calculate N4 from satellite-
based retrievals given by:

«/§< JadewT )1/2

N cal = ——
B Qextpw’"e5

2k ©)

where f,q is the pseudo-adiabatic factor (constrained be-
tween 0 and 1), ¢y is the effective condensation rate (g m™%),
Qext 1s the bulk extinction efficiency derived from Mie the-
ory (approximated as 2 in the geometric scattering limit), and
pw is the density of liquid water (taken as 1 gcm™3) and the
parameter k is defined as:

n\°
()
Te

where ry is the droplet mean volume radius. Several values of
k have been applied in Ng related studies and in operational
remote-sensing that derive Nyq from t and 7. retrieved by the
bi-spectral method. For example, the MODIS Ny calcula-
tion assume a constant value of k = 0.72 (Grosvenor et al.,
2018). Brenguier et al. (2011) utilized in situ measurements
collected during five distinct field experiments to show that k
values vary between 0.7 and 0.9, with uncertainties ranging
from 10 % to 14 % across different cloud types and atmo-
spheric conditions. All these suggests different values of k
depending on the cloud regime. Studies based on in situ mea-
surements have shown that k can vary significantly (Martin
et al., 1994) and may also change under particularly extreme
aerosol conditions (Noone et al., 2000). Thus, if k is not prop-
erly represented, it can introduce significant uncertainty into
the calculation of Ny. To avoid these unconstrained constants
driving our understanding of retrieval behavior, throughout
this work we have calculated both k, and the quasi-adiabatic
lapse rate (fagcw) in each cloudy column directly from the
LES cloud field.

Several studies that derive Ng from bi-spectral retrieved
cloud properties commonly utilize filtering techniques based
on several criteria to minimize uncertainties in N4 estimates,
which arise from from errors in retrieving 7. and t from the
bi-spectral method, especially in highly variable cloud fields
(Grosvenor et al., 2018; Gryspeerdt et al., 2022; Loveridge
and Di Girolamo, 2024; Quaas et al., 2006). Howeyver, this fil-
tering methodology can unintentionally exclude certain types
of clouds, limiting the analysis to specific cloud regimes.
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To avoid this bias, and to effectively quantify all possible
sources of uncertainty, we incorporate all available N4 data
without applying any pre-filtering method beyond the cloud
mask. Furthermore, prior filtering schemes (e.g., Gryspeerdt
et al.,, 2022; Zhu et al., 2018) implemented for coarser-
resolution satellite observations may not be appropriate for
the native LES resolution (100 m). For analysis involving
LWP, we obtain the derived LWP (LWP,;) from the retrieved
T and re by the adiabatic relationship given as (Wood and
Hartmann, 2006):

5
LWP., = 5 PwleT @)

3 Results and discussion

3.1 Comparison of LES Ny and Ny Derived from Cloud
Properties Retrieved from 1D RT Simulated
Reflectance

We first perform a RT closure comparison between the ref-
erence Ng obtained directly from the LES (Ng4 Lgs) and the
N4 derived from Eq. (5) using t and 7, retrieved from homo-
geneous plane parallel RT-based simulated reflectance (i.e.,
1D RT) from the 0.86 um channel paired with an absorbing
wavelength channel Agps, (N(}Dcal(kabs)). This closure com-
parison allows us to (i) check the methodology of our re-
trieval algorithm and (ii) investigate Ny errors associated
with adiabatic cloud model assumptions. Figure 2 shows
these comparisons as a regression plot of N(}])cal(kabs) vS.
Ng 1Lgs for the ATEX clean, control and polluted cases at
4.0h of simulation time, when Agp is 1.6, 2.1 and 3.7 um.
The comparison shows a general good agreement between
N(}l)cal(kabs) and Ny Lgs for the ATEX clean, ATEX control
and to some extent the ATEX polluted case with correlation
coefficient (R) of 0.847, 0.852 and 0.748, respectively, when
Aabs 18 1.6 um; 0.885, 0.867 and 0.748 when Agpg is 2.1 pum;
and 0.859, 0.856 and 0.790 when A, is 3.7 um. The dispar-
ities observed between N(;Dca]()\abs) and Ny Lgs reflect the
combined influence of vertical microphysical inhomogene-
ity, extinction weighting, and the assumptions embedded in
the adiabatic Ny retrieval equation (Eq. 5). Therefore, agree-
ment with Ny 1 gs indicates consistency with the optically
dominant portions of the cloud column sampled by the pas-
sive retrieval.

Establishing the underlying physical processes influencing
the N4 estimates obtained from the LES and retrievals are
challenging when relying solely on direct one-to-one com-
parison. Instead, we evaluate the probability density func-
tions (PDFs) of N4 1gs against those obtained from the de-
rived Ny. For the PDF comparison, data across all time steps
within each LES case are combined to ensure robust statisti-
cal analysis. Apart from evaluating the PDFs of Ny 1 gs and
N ;Dcal()\abs), we also investigate errors associated with the
adiabatic cloud model assumptions in Eq. (5). This is done
by introducing constraints on the retrieved re and t used to
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compute Ny, which increasingly force conformity with the
level of adiabaticity in the LES itself. First, we utilize the ver-
tically weighted (VW) r, (denoted as r.(VW)), computed us-
ing the two-way-transmittance-weighted effective radius re-
lationship derived from the optically weighted droplet size
distribution defined by Miller et al. (2016) (check their Eq.
14), and optical thickness (ty,) from the LES into Eq. (5) to
derive Ny (denoted as N geglw )0ty Second, we use droplet
effective radius of the layer where the LWC is maximum as
a representative of the adiabatic cloud top r. (denoted as rg)
and Ty as inputs in Eq. (5) to derive Ng (denoted as N gi;ﬁ“").
The idea of testing with r} is because it is representative of
the droplet radius profile that follows the adiabatic assump-
tion of the retrieval — absent significant entrainment modifi-
cation at cloud top or model resolution artifacts. PDFs of Ny
obtained from the LES, those inferred from the retrievals ob-
tained from 1D RT simulated reflectance (at SZA 50°) when
Aabs 18 1.6, 2.1 and 3.7 um, and those derived from retrievals
when the optical thickness and droplet effective radius are
constrained as earlier discussed, for the ATEX clean, ATEX
control, and ATEX polluted cases are presented in Fig. 3. In
the ATEX clean and control cases (Fig. 3a and b), the Ny LEs
distributions peak around their respective aerosol loading
values (i.e., peak around 40 and 75 cm~3 for the ATEX clean
and control cases respectively). This indicates that most of
the available CCN are activated into cloud droplets. On the
other hand, the lower values of the Ny s observed in the
distribution are attributed to increased collision-coalescence
as well as Ng removal processes driven by entrainment and
precipitation.

Interestingly, the PDF distribution of Ng | gs for the ATEX
polluted case (black line in Fig. 3c) is somewhat different
from those of the clean and control cases. Its PDF has a peak
around 300 to 350 cm™3, which is significantly less than the
initial aerosol loading value (CCN 600 cm~3). This is proba-
bly because not all the CCNs are activated in the ATEX pol-
luted case. When we consider the PDF of the N C{DC a1(Aabs) (for
the three absorbing channels considered in this study) for the
ATEX clean and control cases, similar cloud processes to the
Ng_LEs are observed, but with PDFs having a broader range
and higher Ny peak values, and notably long tails towards
larger values, indicating overestimation. The Ny overestima-
tion statistics is more pronounced in N, éDcal(lb um), reduces

for NJP (2.1 pm) and is smallest for NJ2 (3.7 um). This
suggests that Nc]chal(3'7 um) agrees the most with Ny 1gs
compared to results from the other two absorbing channels.
When we consider the NJP_ (Aaps) PDFs from the ATEX
polluted case (blue, green and purple lines in Fig. 3c), the
peaks for all three absorbing channels are at smaller values
than that of the N4 1gs, although all have long tails towards
larger values indicating significant overestimation remains.

For the ATEX polluted case, the N c831(3.7 pm) PDF still has
the smallest overestimation compared to the N(}Eal(lb pm)

and N(}_Dcal(Z.l um) results.

Atmos. Chem. Phys., 26, 11449-11471, 2026



11456

A. S. Ademakinwa et al.: Impacts of the three-dimensional radiative effects

ATEX Clean ATEX Control ATEX Polluted
- 120 - 800 — 102
[1o I B R e oo T — . m | IZWTUVUJIE ey S . m |
‘E 60 11 |E 100 11 |E
S S S 600
= = 8 =
40 b
’:E:_ § 60 § 400 10! 3
@ @ @ S
~ — ~
2 2 40 2
520 E % 200
Qb Q% 20 [
0k 0k 0 = 100
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 0 100 200 300 400 500 600 700 800
Ng res [em™3] Ng 1es [em™3]
- 120 - 800 10
el 0C2 pmy 11| o | REVSRS g e 11 | @ |R=0.748 - gemepeE
!E 60 IE 100 IE
S S S 600
S E g S
= = = -
g 40 € g <
3 3 60 3 400 10! 3
= = — S
o 40 o
<20 = % 200
N Q2 20 Y
= (d)| = ’ (e) =
0 0= T = °
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 %" 100 200 300 400 500 600 700 &0 O
Ng_tes [em™3] Ng tes [em™3] Ng 1es [em™3]
120 - 800 102
ol 927 el 11| g | NTU80 e e 1:1 | o |R=0.790  _~o =W ...
‘E 60 |E 100 IE
5 5 5 600
S S g S
40 =
§ % 60 § 400 10' 3
= S N 8
l @ 40 Q
s s % 200
Q2 Q% 20 Q%
04 0 o TR e  a— 100
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 0 100 200 300 400 500 600 700 800
Ng res [em™3] Ng res [em~3] Ng 1es [em™3]

Figure 2. Comparison of Ny derived from bi-spectral retrievals based on 1D RT reflectance (N, (} DC a1(*abs)) versus Ng obtained from the LES
(Ng_LEs) for (a) ATEX clean, (b) ATEX control and (¢) ATEX polluted for retrievals at absorbing channel, (A4ps) of 1.6 um, for (d) ATEX
clean, (e) ATEX control and (f) ATEX polluted for retrievals at A, of 2.1 um and for (g) ATEX clean, (h) ATEX control and (i) ATEX
polluted for retrievals at Aypg of 3.7 um at 4 h of simulation time. Note: 1D RT and bi-spectral retrievals utilized for this comparison were
carried out at SZA 50°. Dotted lines indicate 1 : 1 relationship between the derived and LES Ng.
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Figure 3. Probability Density Functions (PDFs) of Ny obtained from the LES (N4 1 gs) and Ny calculated from the adiabatic equation using
1D RT derived cloud properties (for absorbing channels 1.6, 2.1 and 3.7 um), and under different levels of controls across all time steps for
the ATEX clean, control and polluted cases in (a), (b) and (c¢) respectively.

In general, the disparity in N c{Dcal()‘abs) obtained for all A ps
(1.6, 2.1 and 3.7 um) is due primarily to differences in the
retrieved r. — in vertically inhomogeneous clouds, satellite-
based r¢ retrievals via the bi-spectral method can vary for
different channels due to spectrally-varying liquid water ab-
sorption (Meyer et al., 2025) leading to different penetra-
tion depths within a cloud (Platnick, 2000). The 3.7 um be-
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ing the most absorptive and 1.6 um being the least absorp-
tive of the three channels. For ideal clouds, the 3.7 pm chan-
nel is most absorptive and yield r, retrievals closer to the
cloud top compared to the less absorbing 2.1 um channel,
and the 1.6 um channel is the least absorptive and yields re-
trievals deepest into the cloud. Since the N4 equation (Eq. 5)
is most sensitive to re (7e has the largest exponent in Eq. (5);
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Nd caltre 5/ 2), small changes in r. will greatly impact the
derived Ng4. Thus, the reasonable agreement observed be-
tween the PDF of N (}Dcal(3.7 pum) and Ny 1 gs is not surprising
since Eq. (5) assumes . is at cloud top. This is corroborated
by previous studies (e.g., Zhang and Platnick, 2011) that in-
dicate that in adiabatic clouds, the 3.7 um r, retrieval is ex-
pected to be larger than retrievals from shorter wavelengths
(and 2.1 ym re retrieval >1.6 um r, retrieval), although this
relationship can be affected by other factors including re-
trieval biases.

In general, the N C} Dcal()‘abs) results in Fig. 3 from the three
absorbing channels indicate that, even when the RT makes
the same plane-parallel assumptions as the retrievals, there
are notable variabilities in the derived NjP  (Aabs) when
compared to Ny 1 gs. These variabilities could be due to var-
ious reasons, which include inconsistencies between the ver-
tical distribution of cloud microphysics in the LES truth and
the assumptions that form the basis of the Ny equation uti-
lized for the retrievals. Recall, the Ny derived from Eq. (5)
assumes that the cloud is adiabatic i.e., LWC increases mono-
tonically with height from cloud base to cloud top and Ny is
constant vertically. But not all columns in the LES are adi-
abatic. Various processes such as entrainment, coalescence,
etc. which are prevalent in natural clouds (and evident in this
study LES cloud fields) introduce sub- or super-adiabatic be-
haviors in cloud vertical profiles, which impacts derived Ng.

When we consider the PDF of calculated Ng when 7 and
re are constrained to various degrees using values derived di-
rectly from the LES cloud field, the N g“calw )Tt PDF shows
substantial deviations from the PDF of Ny 1gs. A reason
for this is that re(VW) represents a weighted vertical av-
erage which is highly sensitive to the cloud microphysics
and vertical structure of r., especially if the optical extinc-
tion in the cloud entrainment region is large enough to im-
pact the r.(VW). The agreement between the PDF’s of Ny
derived under the t and r. constraints (i.e., N SEZ’J“" and

VW . . .
Nge(cal )’r“") and Ny Lgs reduces as the adiabatic realism of
*, Thot
cal

ment with Ny 1gs than NSE(CZ]W)’TM

the input properties decreases; N, 55 showing better agree-

and N4 1gs compari-

son because N, 561’5“" utilizes ¥ which is most representative
of an adiabatic cloud top re value which is a key require-
ment for formulation of Eq. (5). A sensitivity test was also
performed where Ny is calculated using ry and cloud opti-
cal depth computed from the LES that excludes cloud op-
tical depth contributions from drizzle drop sizes (r) by iso-
lating »>30um from the droplet size distributions. The re-
sulting Ny ca1 PDFs were mostly unchanged from the PDFs
of Nge;?‘" (not shown). This was expected because drizzle-
size drops typically occur in small numbers and contribute
weakly to Ny, although their radiative impact could become
important in cases with substantial drizzle populations.
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3.2 Impact of 3D Radiative Effects on Retrieval-Derived
Ny at the Native LES Resolution

To investigate the 3D radiative effects impacts on the
retrieval-derived Ny, we compare Nc{Dcal()Labs) with Ny de-
rived from Eq. (5) using 7 and r, retrieved from 3D RT-
based simulated reflectance at A,ps (Ngl?:al()\abs)). We carry
out this comparison at different SZAs, ranging from high to
low sun positions. Figure 4 shows the PDF of NJ2_ (Aabs)

and Ngljcal(kabs) derived at the LES resolution (100 m) for a
high sun (SZA 10°), moderate sun (SZA 30°) and a more
oblique sun position (SZA 50°), as well as the reference
Ng (Ng_LEs) across all time steps (combined) in each of the
ATEX clean, control and polluted LES cases. Here, Ny 1Es
PDF provides the LES-based reference distribution, so shifts
or broadening in the N (} Dcal (Aabs) and N gDcal (Aabs) PDFs rel-
ative to Ng 1gs indicate how retrieval assumptions and 3D
radiative effects alter the inferred droplet number concentra-
tion.

When the sun is high, the PDFs of N grial()‘abs) are gener-
ally similar to their N (}I)Cal(kabs) counterparts (where Agps =
1.6, 2.1, and 3.7 um), especially for the Ay, = 2.1 um re-
trieval (Fig. 4a, d, and g). A reason for this similarity is the
minimal 3D effects (lack of extreme darkening and brighten-
ing in the simulated 3D RT reflectance) when the sun is high,
leading to the reflectance utilized for the cloud property re-
trieval under 3D RT at high sun comparable to its 1D RT
counterpart. This in turn yields comparable derived Ny. Re-
sults for SZA 30°, show that the PDF of N3P (Aabs) broad-
ens slightly at both ends (Fig. 4b, e and h) compared to the
high sun case (Fig. 4a, d, and g). This slight broadening of
the N gljcal(kabs) PDFs occurs because 3D-induced darkening
and brightening effects occurs simultaneously. The darken-
ing effects typically lead to retrieval of smaller t and larger
re, which together produce smaller N SD | (Aabs) values com-

|_cal
pared to N&_Dcal()»abs).
Also, the PDF of Ng’?al(kabs) extends to larger Ny val-

C
ues, compared to N, ‘}I)Cal(kabs). These larger NgDcal(kabs) val-
ues correspond to where 7 is overestimated and re is un-
derestimated (a result of the brightening effects). Overall,
though, it appears that the shadowing effect is predominant
in N (gal (Xabs) for both high and moderate sun positions (dis-
cussed further in the domain-averaged plot in Fig. 5). When
the sun is low, the PDF of N (?Dcal()\abS) become very broad,
with larger peaks at smaller Ny, longer tails at large N4, and
a flattening of the peaks at moderate Ny that are observed
in the high and moderate sun cases. This observed pattern is
due to both brightening and darkening effects occurring si-
multaneously in the cloud property retrievals and contribute
to the overestimate of N JDcal()‘abs) (darkening effect) and un-

derestimate of N (}Eal()‘abS) (brightening effect) compared to

NgDcal()“dm) To examine the overall 3D radiative effect im-
pac_t on the derived Ny at the LES domain scale, we calculate
the in-cloud domain average of the retrieved Nq for each LES
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Figure 4. Probability Density Functions (PDFs) of N 1P | (aps) and N3P (abs) at native LES 100 m resolution at SZA 10, 30 and 50° and
the reference LES Ny (Ng_gs) for the ATEX clean, control and polluted case at all time steps. Where A4p is the absorbing channel paired

with 0.86 um in the bi-spectral retrieval.

case at the different SZA’s listed in Sect. 2 (SZA =[10° : 60°]
in steps of 10°). These domain-averaged NSDcal()"abS) and
NJDcal()‘abS) comparisons will provide insight on which 3D
radiative effect (brightening or darkening) error is dominant
(on the domain scale) in the cloud property retrievals (re and
7) that are utilized for the Ny calculations. Figure 5 shows
the domain average of N, gDcal()‘abs) and N dchal()»abs) at the six
SZA’s for Agps of 1.6, 2.1, and 3.7 um as well as domain av-
erage of the Ny reference for the ATEX clean, control and
polluted cases averaged over all time steps.

In Fig. 5, we generally observe that the domain-averaged
N g_Dcal()‘abs) is smaller compare to the domain-averaged
N dlDC,dl()»abs) under high to moderate sun positions. However,
this reverses towards more oblique SZAs, with the domain-
averaged NgDcal(kabs) becoming larger than N &Dml()»abs)
when the SZA increases towards larger values. It is impor-
tant to note that domain-averaged Ng_1gs, computed directly
from the LES microphysical fields and independent of SZA,
absorbing channel, and RT retrieval assumptions is there-
fore used as the reference for assessing whether the retrieval-
derived N gDcal (Aabs) and N (iDcal (Xabs) are biased high or low at
the domain scale. The separation between the red/blue lines
and the green reference line shows that the magnitude and
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sign of the retrieval-derived Ny bias depend on SZA, absorb-
ing channel, and LES case.

The physical impact of the 3D effects changes with the sun
position: when the sun is high, absorption dominates hori-
zontal transport differences between bands, but when the sun
is low, horizontal transport is dominated by enhanced for-
ward scattering across cloud boundaries. Thus our Ny re-
sult indicates that when the sun is high, horizontal trans-
port is limited by absorption leading to darkening effects in
the SWIR that dominate in the N gDcal()‘abs) domain-averaged
statistics, whereas brightening effects in the VNIR becomes
dominant when the sun is oblique. The SZA at which the
domain-averaged N 3Dca1()‘abs) becomes larger than its 1D
counterpart varies with the different scene configuration and
absorbing channel utilized for the bi-spectral retrieval.

Interestingly, due to the strong absorption in the 3.7 um
band, in the ATEX polluted case (Fig. 5i), the N (} Dca1(3-7 pm)

is always larger than the NgDcal(3.7 um) for all SZAs consid-
ered in this study. -
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Figure 5. Domain average of N (}DC a1(Aabs) and N, 3Dcal()‘abs) as a function of solar zenith angle as well as domain average of the Ny | gs
reference for the ATEX clean, ATEX controlled and ATEX polluted case averaged across all time steps for A ps = 1.6, 2.1, and 3.7 um. The
shaded region is the associated standard error computed from the population variance. Note that the y scale is different for each LES case

due to the range of Ny associated with each LES case.

3.3 Ny Derived at at Coarse Spatial Resolution

Because the relative amount of horizontal energy transport
between pixels is reduced as the pixel size becomes larger,
the behavior of 3D radiative effects is spatial resolution de-
pendent. So far, this study has focused on retrievals at the
native LES resolution (100 m). At these high spatial resolu-
tions, retrievals are more sensitive to 3D radiative effects, in-
cluding cloud vertical inhomogeneity, and microphysical as-
sumptions. However, at the coarser spatial resolutions com-
mon in global satellite imager retrievals (e.g., MODIS, Vis-
ible Infrared Imaging Radiometer Suite (VIIRS)), cloud-
property retrievals are also affected by sub-pixel horizon-
tal heterogeneity. This can introduce plane-parallel homo-
geneous approximation (PPHA) biases because the retrieval
assumes each pixel is horizontally homogeneous, whereas
the actual coarse pixel may contain unresolved variability in
cloud optical thickness, cloud fraction, and cloud structure.
Thus, at coarse resolution, the retrieved Ny can be influenced
by both 3D radiative effects between neighboring cloudy re-
gions and PPHA biases associated with unresolved sub-pixel
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heterogeneity. Therefore, extending the analysis of derived
Ny to coarser satellite-like resolutions is necessary to deter-
mine whether the 3D-RT-induced retrieval errors observed
at the native LES resolution persist after spatial aggregation
and under resolutions more comparable to operational pas-
sive imager observations.

We examine the behavior of Ny derived from a MODIS
or VIIRS-like resolution (800 m is convenient for our LES
models) using retrievals from area-averaged 3D RT simu-
lated reflectances, and then compare those Ng PDFs with de-
rived Ng obtained from 3D RT simulations at the native LES
resolution (100 m). The PDF comparison of NgDcal(Z.l pm)
obtained at both LES and coarse 800 m resolution when all
cloudy pixels (i.e., partially cloudy and overcast cloudy pix-
els; refer to Sect. 2.3 for definition) are considered, is shown
in Fig. 6 and when only overcast cloudy pixels are consid-
ered is presented in Fig. 7. In Figs. 6 and 7, the green Ny 1 gs
PDFs provides the LES reference distribution for each case
and allows the 100 and 800 m retrieval-derived Nq PDFs to
be interpreted relative to them. From Fig. 6, we clearly see
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that when all cloudy pixels are considered, the derived Ny
PDF at the coarse 800 m resolution are distinct from those
at the native LES resolution: the PDF of NgDcal(Zl um) at
the coarse resolution is mostly skewed towards smaller Ng
values, for the three solar geometries shown, with smaller in-
cloud mean values for the coarse resolution compared to the
corresponding LES resolution. The reason for this is due to
the contribution of partially cloudy pixels in the coarse res-
olution retrievals, further enhancing the impact of the plane-
parallel 7. and T bias contribution and result in smaller Ny
values.

When only overcast cloudy pixels are considered (Fig. 7),
the contribution of the partially cloudy pixels is removed and
the smaller Ny values observed in Fig. 6 are mostly absent.
As seen in Fig. 7, the PDFs of NgDcal(Z.l um) at the coarse
(800 m) resolution, are mostly centered around moderate Ny
values, and perhaps surprisingly, happen to have mean values
that closely match corresponding values at the LES (100 m)
resolution compared to results which utilize all cloudy pixels
in the retrievals. These results can provide some additional
confidence in using Ny calculations at coarse resolution for
our LES cloud fields, as the effects of cloud heterogeneity
and opposing brightening and darkening 3D effects appear
to cancel out (to a large extent) and still provide comparable
mean values (although this depends on how well the satellite
can identify partially cloudy pixels).

We also examined the sensitivity of N gljcal(kabs) to spatial
aggregation at the other MODIS absorbing bands utilized for
re retrieval by comparing native LES-resolution (100 m) re-
sults with coarse satellite-like resolution (800 m) results for
Aabs = 1.6 and 3.7 um (not shown). In general, the coarse-
resolution results based on overcast 800 m pixels are more
consistent with the native-resolution mean N, gDcal than results
based on all cloudy 800m pixels. This behavior is found
for both absorbing channels, although for Ayps = 3.7 um at
SZA =10°, the all-cloudy and overcast-only estimates are
both comparable to the native-resolution result. These tests
indicate that the treatment of partially cloudy coarse pix-
els can influence aggregated Ng4, but the main resolution-
dependent behavior remains robust across the two absorbing
channels considered.

3.4 Implications for Regression-Based Albedo
Susceptibility Estimates for Evaluating the Twomey
Effect

Having investigated the impacts of 3D effects on the re-
trievals of t and r., and the subsequently derived Ny, in this
section we examine the consequent implications for estimat-
ing Twomey effect from these retrievals. In many previous
studies, Twomey effect is usually estimated from observa-
tions using the so-called absolute cloud albedo susceptibility
(Sq) that connects the change of cloud albedo («) with the
change of Ny at a given LWP (Ackerman et al., 2000; Plat-
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nick and Twomey, 1994),

oo o at
So = ~

8Nd_cal LWP aT 8Nd_cal pr‘ ®
While S, is often derived empirically through numerical re-
gression of satellite retrievals, many researchers try to de-
velop theoretical expectations for these relationships. This
involves using the chain rule of differentiation (Eq. 8), where
the first term — how cloud albedo depends on cloud prop-
erties (e.g., g—‘;‘), is usually estimated from simplified radia-
tive transfer models such as the two-stream approximation.
The second term — how 7 changes with respect to Ny at con-
stant LWP (w\?ﬁ |Lwp) is often derived from idealized cloud
models assuming constant LWC or sub-adiabatic conditions.
Of course, the change of Ny can also potentially lead to the
change of LWP known as cloud adjustment, but it is beyond
the scope of this study. Here, we first examine the impacts
of 3D effect on the estimation of 3 1\?;“1 |Lwp, which we de-
fine as the retrieval sensitivity s(t). Because a constant Ng
is assumed, regardless of the cloud vertical profile assump-

tions, the relationship T o N, (}/ SLWPS/6 holds (Ackerman et
al., 2000; Platnick and Twomey, 1994), and implies that,

dlnt
s(t)= —— A
0InNg_cal |pwp

9

W —

Constraining fixed LWP regimes is required to evaluate s(7)
and Sy. Thus, we group LWP into eight bins ranges (B1 to
B8) as given in Table 1. The bin edges were derived from per-
centile boundaries of valid retrieved LWP distribution com-
puted at 10 % intervals; however, the first two percentile
ranges characterized by small LWP were excluded, leaving
the eight retained bins now labeled B1 to BS. We will point
it out explicitly in the analysis whether the LWP bin catego-
rization is based on the 1D or 3D retrievals or from the LES
LWP (LWPygs) cloud field.

Describing retrieval sensitivity requires numerical regres-
sion of dlnt with dInNg4. As will be demonstrated in this
section, 3D effects can influence the estimation of s(t)
though two main mechanisms:

— The errors in T and Ng_cq retrievals caused by the 3D
effects as shown in Sect. 3.2 and 3.3 can in turn lead
to errors in the 0Int—3In Ny_cq regression. We refer to
this as the “retrieval error effect”.

— To obtain the theoretical s(7) & %, the 0Int—91In Ny cq
regression must be performed at constant LWP. Since
LWP is also derived from retrievals in reality, it is sub-
ject to errors caused by 3D effects. These errors can
cause mis-categorization of LWP bins in the regression
analysis. We refer to this as the “LWP categorization
error’”.

We first demonstrate the impact of retrieval and LWP cat-
egorization errors by calculating s(t) from regressions of a
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Figure 6. Probability Density Functions (PDFs) comparison of N, S

Dcal(Z.l um) for LES (100 m) and coarse satellite-like (800 m) resolution

for all cloudy pixels, at SZA 10, 30 and 50° for the ATEX clean, control and polluted case across all time steps. Vertical lines represent mean

values. The green line represents the LES reference (Ny 1 gs)

Table 1. Liquid Water Path (LWP) bins used in this study. B1 to B8 are the bin number representation. Max(LWP) = 3333.33, is maximum
LWP value obtained from the retrievals (computed by utilizing Max allowable re (40 um) and Max allowable t (150) in Eq. (7). The bin
edges were derived from percentile boundaries of the valid retrieved LWP distribution computed at 10 % intervals. The first two percentile
ranges were excluded, leaving the eight retained bins labeled B1-B8.

Bin Category B1 B2 B3 B4 BS5 B6 B7 B8
LWP range 43.66—  52.72-  62.50-  74.10-  88.55- 109.20- 142.61- 212.19-
[g m~2] 52.72 62.50 74.10 88.55 109.20 142.61 212.19 Max(LWP)

single LWP bin (B7; 142.61-212.19 gm™2). This analysis
combines all three ATEX cases (clean CCN =40 cm™3, con-
trol CCN =75 cm 3, and polluted CCN = 600 cm™?) utiliz-
ing the 0.86 and 2.1 ym channels at SZA 50°. The regres-
sions shown in Fig. 8 depict T vs. Ny ca and correspond-
ing s(t) obtained from regression. For both 1D and 3D re-
trievals based on LWP self-categorization (i.e., where LWP
is determined consistently from cloud properties retrieved
from the respective RT reflectance fields), the regressions in
Fig. 8a and b clearly demonstrate a consistent power law

https://doi.org/10.5194/acp-26-11449-2026

scaling with different slopes; broadened variability in 3D
retrievals, caused by 3D effects, which subsequently leads
to a more consistent s(t) value (s(t)=0.334), even bet-
ter than 1D RT result (s(t) = 0.349). However, in Fig. 8c,
we observe that clustering 3D retrievals into LWP bins us-
ing a reference dataset that is insensitive to the 3D radia-
tive effects (in this case the reference LWP is calculated
from 1D retrievals) leads to noticeably different distribu-
tions, where regression becomes less well correlated (corre-
lation coefficient (R) = 0.857, compared to R>0.9 for both

Atmos. Chem. Phys., 26, 11449-11471, 2026
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Figure 8. Regression plots of retrieved cloud optical thickness () versus derived cloud droplet number concentration (Ng) for Liquid Water
Path (LWP) bin 7 (B7; range 142.61-121.19 gm_z), based on bi-spectral retrievals using the 0.86 and 2.1 um channels at a large-eddy
simulation (LES) resolution of 100 m and a solar zenith angle (SZA) of 50°. Panel (a) shows results under 1D radiative transfer (RT) using
LWP bin categorization based on 1D retrievals (i.e., LWP Self-Categorization); panel (b) shows 3D RT results using LWP binning from 3D
retrievals (i.e., LWP Self-Categorization); and panel (c¢) presents 3D RT results using LWP bin categorization based on 1D retrievals. Values
in bold print indicate sensitivity s(r) computed according to Eq. (9) and R is the correlation coefficient.

Atmos. Chem. Phys., 26, 11449-11471, 2026

https://doi.org/10.5194/acp-26-11449-2026



A. S. Ademakinwa et al.: Impacts of the three-dimensional radiative effects

LWP Self-categorization cases) and alters the calculated s(7)
value (s(t) = 0.363). This mismatch between retrievals and
LWP classification highlights the importance of using a self-
consistent LWP binning approach when calculating sensitiv-
ity. Maintaining consistency in LWP categorization is also
important for accurately analyzing susceptibility estimates;
thus, the use of consistent LWP categorization will be ex-
plicitly stated wherever it is applied in the remainder of this
study.

Having demonstrated the impact of 3D effects on s(7) us-
ing a single representative LWP bin, we next use our sim-
ulations to investigate how these errors influence the cloud
susceptibility. To evaluate this, it is useful to examine how
albedo responds to variations in the relative droplet num-
ber concentration. Thus, we follow the approach of Painemal
and Minnis (2012) and define relative albedo susceptibility
(Sa.re1), which accounts for the dependence of droplet num-
ber concentration on spatial variability, as:

o o

- = (10)
ONg_cal LWP dInN d_cal [Lwp

Sa,rel - Nd_cal
Analyzing Sy re1, Which is based on fractional (logarithmic)
changes in number concentration, will help to minimize the
impact of absolute error biases in Ny_cq retrievals.

Before interpreting the susceptibility results, it is im-
portant to distinguish the exact 3D RT susceptibility from
the regression-based albedo susceptibility estimated in this
study. The physically invariant 3D albedo susceptibility is
the functional derivative of an area-averaged albedo with re-
spect to perturbations in the cloud optical or microphysi-
cal properties, which describes how the area-mean albedo
responds to a perturbation in a particular cloud column or
group of columns. Unlike a regression slope based on lo-
cally registered albedo, this derivative is not determined by
the arbitrary height chosen to register the spatially varying
flux/albedo field. Computing this exact quantity in 3D re-
quires a linearized or adjoint 3D RT calculation, or an equiva-
lent finite-difference perturbation framework. Such a calcula-
tion requires additional modeling and computational frame-
work and is out of scope of this present study.

As stated in Sect. 2.2 and earlier in this section, the quan-
tity evaluated here is an approximate, regression-based sus-
ceptibility diagnostic rather than an exact 3D RT susceptibil-
ity. Specifically, within each LWP bin, we estimate the slope
of the locally registered, domain-top broadband albedo, «,
with respect to In Ny (Eq. 10). This approach is similar to
regression-based observational albedo-susceptibility analy-
ses, where TOA albedo from CERES and Ny inferred from
passive cloud retrievals such as MODIS are used to estimate
susceptibility (e.g., Painemal and Minnis, 2012). However,
under 3D RT, the locally registered « field is sensitive to
the chosen reference level because horizontal photon trans-
port and angular integration redistribute reflected radiation
across neighboring columns. As a result, the spatial vari-
ance of o and its covariance with Ng can depend on the
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albedo registration convention. Therefore, the susceptibility
values reported in this study should not be interpreted as
exact column-resolved 3D RT derivatives of TOA albedo.
Rather, they quantify how 3D RT and retrieval errors af-
fect regression-based albedo—Ng4 susceptibility estimates un-
der the specific domain-top registration convention used in
this study.

Our interpretation does not rely on the absolute value of
the regression slope as a physically invariant susceptibil-
ity. Instead, we focus on how the slope changes when the
same regression framework and albedo-registration conven-
tion are applied to albedo and Ny fields affected by dif-
ferent RT assumptions, spatial resolutions, and absorbing-
channel choices. In this sense, the diagnostic quantifies
how 3D RT effects would modify the albedo—Ny covari-
ance and associated regression-inferred susceptibility under
an observational-style regression framework, rather than the
exact differential response of area-mean TOA albedo to a
controlled perturbation in Ng.

Figures 9 and 10a—d present the «—Nq relationships at the
native LES resolution of 100 m across all LES cases and
time steps, stratified by the eight LWP bins defined in Ta-
ble 1. Figure 9 corresponds to SZA =20°, while Fig. 10
shows the same set of diagnostics for a more oblique illu-
mination condition at SZA = 60°. In both figures, panels (a)
and (c) show o versus Ny ca, where both Ny ¢q and LWP
are inferred from bi-spectral retrievals applied to 1D- and
3D-RT simulated reflectances, respectively, using the 0.86
and 2.1 um wavelength pair. Panels (b) and (d) in both fig-
ures show « versus the LES reference droplet concentration
(N4_Lgs), with LWP binning based directly on the LWP| gg,
and with « obtained from 1D and 3D RT, respectively. The
corresponding albedo maps for the ATEX clean, control, and
polluted cases at 4.0 h are shown in panels (e)—(g) for 1D RT
and panels (h)—(j) for 3D RT. Together, Figs. 9a—d and 10a—
d illustrate a key feature of the first aerosol indirect effect
(Twomey, 1977): under fixed LWP conditions, increases in
droplet number concentration are generally associated with
increases in cloud optical thickness and albedo.

For the retrieval-based comparisons, the «—Ng_cq) relation-
ships are well correlated across all LWP bins, with correla-
tion coefficients greater than 0.77 in Fig. 9a and c, as well as
in Fig. 10a and c. However, the rate at which « increases with
Ng_ca differs among the cases and depends on whether the
RT used to compute « is treated as 1D or 3D and also the RT
method used to generate the reflectances from which Ny cq
is obtained. For 1D RT based results, the (1D RT) vs. NJD |
relationships in Figs. 9a and 10a are very similar, show-
ing increasing o with Ny ¢, and mainly distinct across each
LWP bins. When we consider the corresponding 3D RT cases
in Figs. 9c and 10c, the (3D RT) vs. NgDcal relationship
still shows an overall increase in o(3D RT) with increasing
NgDcal. However, the relationship becomes more dispersed
under the more oblique illumination condition. Specifically,
Fig. 10c, corresponding to SZA = 60°, shows a larger spread
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Figure 9. Scatter plots for similar liquid water path (LWP) bins showing albedo («) vs. Ng (logarithmic scale). « under 1D RT vs. derived
N4 obtained from retrievals based on 1D RT reflectance when LWP bin is categorized by 1D retrievals (LWP Self Categorization) in (a),
a under 1D RT vs. Ngq 1 gs when LWP bin is categorized by the LES LWP in (b), & under 3D RT vs. derived Ny obtained from retrievals
based on 3D RT reflectance when LWP bin is categorized by 3D retrievals (LWP Self Categorization) in (c¢), « under 3D RT vs. Ny [ Es
when LWP bin is categorized by the LES LWP in (d). Map of « for the ATEX clean, control and polluted LES scenes under 1D RT at 4 h of
simulation time in (e), (f) and (g) respectively and under 3D RT in (h), (i) and (j) respectively. All RT simulations are carried out at SZA 20°
and bi-spectral retrievals utilize the 0.86 and 2.1 pm channel at LES resolution of 100 m.

in o and stronger overlap among LWP bins than Fig. 9c, cor-
responding to SZA = 20°. This indicates that 3D radiative ef-
fects become more pronounced under the more oblique SZA
60° case, as seen by the larger spread and stronger overlap
among LWP bins in Fig. 10c (SZA = 60°) compared to Fig.
9c (SZA =20°). This increased variability reflects the com-
bined influence of 3D radiative effects on the retrieved t and
re, which subsequently affect NgDcal and derived LWP, to-
gether with the fact that o from 3D RT is less local than
o from 1D RT. This nonlocality is illustrated by the albedo
maps in Figs. 9e—j and 10e—j. For the ATEX clean, control,
and polluted cases at 4.0h, the 1D RT albedo fields retain
sharper small-scale cloud structure, whereas the correspond-
ing 3D RT albedo fields are smoother and more spatially
blurred. This blurring is consistent with radiative smoothing
caused by horizontal photon transport and multiple scatter-
ing, such that the top-of-domain albedo assigned to a given
pixel contains contributions from surrounding cloud pixels.
Consequently, the «—Ngy relationship under 3D RT becomes

Atmos. Chem. Phys., 26, 11449-11471, 2026

less tightly controlled by the local cloud column properties
alone, especially at larger SZA.

When we consider the plots of a(1D RT) versus Nq LEs
in Figs. 9b and 10b, they show a pattern that is broadly sim-
ilar to the 1D RT based retrieval results in Figs. 9a and 10a,
respectively. In both SZA cases, « increases with increasing
Ny, and the LWP bins remain relatively well separated. This
similarity is expected because both panels (a) and (b) use
« simulated under 1D RT, where the radiative response is
largely controlled by the cloud and surface properties in the
cloud column. Therefore, whether Ny, is taken from the re-
trievals in panels (a) or from the LES reference in panels (b),
the a—Njy, relationship still retains a clear Twomey-like be-
havior. Panels (d) in Figs. 9 and 10 provide the clearest view
of how 3D RT affects the «—Ny relationship when retrieval-
related effects are removed, because they use o from 3D
RT, the LES reference Ny 1 s, and LWPgs binning. Com-
pared with panels (a) and (b), the relationship in panels (d)
is less organized, with larger spread in o and stronger over-
lap among LWP bins. This indicates that even when Ny LEs
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Figure 10. Scatter plots for similar liquid water path (LWP) bins showing albedo () vs. Ng (logarithmic scale). « under 1D RT vs. derived
N4 obtained from retrievals based on 1D RT reflectance when LWP bin is categorized by 1D retrievals (LWP Self Categorization) in (a),
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when LWP bin is categorized by the LES LWP in (d). Map of « for the ATEX clean, control and polluted LES scenes under 1D RT at 4 h of
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and LWP are used, o from 3D RT is still influenced by sur-
rounding cloud structure through horizontal photon transport
and radiative smoothing, rather than by radiative properties
of the local cloud column alone. The effect is more pro-
nounced in Fig. 10d than in Fig. 9d, showing that the non-
local influence of 3D RT increases under the more oblique
illumination condition at SZA = 60°. Thus, panels (d) show
that 3D RT can weaken the local Twomey-like «—Ny rela-
tionship, with direct implications for susceptibility estimates
under 3D RT. Figure 11 shows regression-based Sy el from
diagnostics in Fig. 9 (at SZA 20°) and Fig. 10 (at SZA 60°)
computed within the same LWP bins B1 to B8 and plotted
as a function of the mean LWP and mean t of each bin. The
LES-based benchmark is computed from the regression of
domain-top o(3D RT) versus. Ny 1 s relationship using the
LWPygs binning (the green curve). This is useful for evalu-
ating the retrieval-based regression estimates because it uses
the same forward 3D RT albedo field and LES microphysical
information, while avoiding retrieval errors in Nq and LWP.

https://doi.org/10.5194/acp-26-11449-2026

For SZA =20°, the 1D RT result follows the LES-based
regression benchmark closely at low to moderate LWP/t val-
ues, where Sy rel increases and then begins to decrease. The
3D RT result is lower than the LES-based benchmark at the
smallest LWP/t, but becomes comparable at intermediate
values and remains larger than the LES-based benchmark at
higher LWP/z, suggesting that 3D radiative effects modify
the LWP/t dependence of the susceptibility. For the more
oblique case at SZA = 60°, all susceptibility values are gen-
erally smaller than those at SZA 20°, and the 3D RT retrieval
produces a flatter response with increasing LWP compared
with the LES-based benchmark and the 1D RT estimate. This
indicates that, under more oblique illumination, 3D radiative
smoothing and retrieval effects weaken the local «—Ng4 sen-
sitivity within the LWP bins. The o—Ny_ca1 relationship ob-
tained when Ny ¢ is derived from cloud properties retrieved
by pairing the 0.86 um with either the 1.6 or 3.7 um band
exhibits a similar pattern to that observed with the 0.86 and
2.1 ym combination (not shown).

Atmos. Chem. Phys., 26, 11449-11471, 2026
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Figure 11. Mean relative cloud albedo susceptibility (Sy re]) across all LES cases and time steps at solar zenith angles (SZAs) 20 and
60°, shown as a function of liquid water path (LWP) in panel (a), and as a function of cloud optical thickness (t) in panels (b). Where,
N4 and corresponding LWP or t are retrieved by bi-spectral method using the reflectance pairs of 0.86 combined with 2.1 um at the LES-
native resolution (100 m). Green curves show the LES-based regression benchmark computed from domain-top 3D RT albedo, Ny 1 gs, and
LWPj gg binning; these curves are used as diagnostic benchmarks and are not exact linearized 3D RT susceptibility derivatives.

After examining the low- and high-SZA cases, we next
evaluate whether the same susceptibility behavior persists
across the full set of illumination conditions used in this
study i.e., across all SZA’s (SZA =[10°:60°] in 10° inter-
vals). To achieve this, we calculate the mean relative cloud
albedo susceptibility, Sy rel, averaged across all LES cases,
time steps, and all six SZAs. Figure 12 presents these mean
Sa.rel as a function of mean LWP within each bin in panels
(a), (c) and (e) and as a function of mean t in panels (b),
(d) and (f) for retrievals using the 0.86 um band paired with
1.6, 2.1, and 3.7 um, respectively. The LES-based regression
benchmark curves are also included at both 100 and 800 m
scales so that the retrieval-based susceptibility estimates can
be compared against a consistently defined regression bench-
mark defined at the same spatial resolution. From Fig. 12,
we observe that, overall, Sy el generally increases from the
smallest LWP/7 bins to low-to-moderate LWP/t values, and
then decreases toward larger LWP/t regimes. This behavior
is consistent with the reduction in albedo sensitivity as clouds
become optically thicker and albedo begins to saturate. The
LES-based regression benchmark (green line) shows the
same general pattern, indicating that the regression-based
susceptibility estimated from retrievals, broadly capture the
expected dependence of albedo sensitivity on clouds.

At the native LES resolution of 100m, the 1D RT re-
trievals generally follow the LES-based regression bench-
mark more closely than the 3D RT retrievals, especially
at low-to-moderate LWP/t. The 3D RT retrievals exhibit
smaller Sy re1 in the lower LWP/7 regime and show a more
gradual decrease at larger LWP/zr. This difference reflects
the combined influence of 3D radiative smoothing on o and
3D effects induced biases in the retrieved t and r., which
propagate into Ng and subsequent susceptibility estimate.

Atmos. Chem. Phys., 26, 11449-11471, 2026

At the coarser 800 m resolution, the differences between
the 1D and 3D RT susceptibility estimates are reduced at
the low LWP/t regimes although notable differences occur
at the larger LWP/7 values. The 800 m retrieval curves are
also more comparable to the 800 m LES-based regression
benchmark than would be expected from comparison with
the 100 m reference alone, confirming that the susceptibility
benchmark is resolution dependent. This indicates that spa-
tial aggregation partly reduces fine-scale 3D variability and
promotes compensation between 3D radiative effects, plane-
parallel retrieval biases, and subpixel averaging.

The same broad behavior of S, re1 is observed for all
three absorbing-channel combinations at the 100 m resolu-
tion, with Sy e generally increasing at low LWP/t before
gradually decreasing towards larger LWP/t values. At the
coarse 800 m resolution, the Sy rel vs. LWP/7 relationship is
similar to those at 100 m, but the 1D vs. 3D differences is
band dependent. The 1.6 and 2.1 um retrieval results show
somewhat better agreement between the 1D and 3D curves
at low to moderate LWP/t values. They all have significant
differences between 1D and 3D at larger LWP/z values. This
indicates that 3D RT effects can greatly modify Sy el at na-
tive LES resolution, but their impact is substantially reduced
at coarse satellite-like resolution in low LWP/7 regimes.

4 Summary and Conclusion

Errors associated with 3D radiative effects and cloud inho-
mogeneity can influence bi-spectral retrievals of cloud prop-
erties (t and re), and subsequently impact estimates of Ny
derived from these properties. Because Ny is so important
in the representation of clouds in models and the interpreta-
tion of aerosol—cloud effects, it is important to disentangle

https://doi.org/10.5194/acp-26-11449-2026
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Figure 12. Mean relative cloud albedo susceptibility (S, re]) across all LES cases, time steps and six solar zenith angles (SZAs), shown as
a function of liquid water path (LWP) in panels (a), (c), and (e), and as a function of cloud optical thickness (7) in panels (b), (d) and (f).
In each case, N4 and corresponding LWP or t are retrieved by bi-spectral method using the reflectance pairs of 0.86 combined with 1.6 in
(a) and (b), 2.1 in (¢) and (d), and 3.7 um in (e) and (f). Triangles represent Sy re] derived from 3D RT results, while circles denote values
from 1D RT. broken lines indicate result of 800 m coarse resolution, and solid lines represent LES-native resolution (100 m). Green curves
show the LES-based regression benchmark computed from domain-top 3D RT albedo, Ny 1 s, and LWPp gs binning; these curves are used
as diagnostic benchmarks and are not exact linearized 3D RT susceptibility derivatives.

and explain these sources of retrieval bias. Therefore, this
study focuses on investigating the impact of the 3D radia-
tive effects on Ny calculated from t and r. retrieved by the
bi-spectral method (Ng cq1) and further probes how an un-
derstanding of regression-based albedo susceptibility which
quantifies the first aerosol indirect effect is impacted when in-
terpreted from such retrievals. We address this by a satellite
observation-retrieval simulator framework, which consists of
synthetic cloud fields, a radiative transfer solver and retrieval
algorithm. The cloudy scenes examined here spanned nu-
merous temporal snapshots from three LES cases, each of
which was initialized based on observations made during the
1969 ATEX field campaign (NE Atlantic trade wind region
~ 12°N, 35° W). These LES cases are each characterized by

https://doi.org/10.5194/acp-26-11449-2026

different initial aerosol loadings: a clean (CCN =40 cm ™),
control (CCN =75cm™3), and polluted (CCN = 600 cm )
case. From these LES cloud fields, simulated reflectances
(based on 1D and 3D RT) for MODIS Band 2 (0.86 um),
Band 6 (1.6 um), Band 7 (2.1 um), and Band 20 (3.7 um)
were carried out with the SHDOM RT model (Evans, 1998).
Thereafter, bi-spectral retrievals were implemented on the
simulated reflectance by pairing the 0.86 um VNIR band
with each of the absorbing wavelength bands (Aaps = 1.6,
2.1 and 3.7 um). Subsequently, Ny ¢, were obtained from
the bi-spectral microphysical retrievals at six solar geome-
tries (SZA =[10°: 60°] in steps of 10°) and the results were
analyzed.

Atmos. Chem. Phys., 26, 11449-11471, 2026
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We utilize Ny obtained from the LES as a reference and
compare with Ng cq derived from 1D RT simulations, and
with Ny ¢q inferred from the adiabatic assumption (Eq. 5)
when t and r. retrievals are constrained toward scenes that
more closely approximate that assumption. Results demon-
strates that, Nq_ca from 7 and r. retrieved from homoge-
neous plane parallel RT-based simulated reflectance can still
be biased when compared to the reference Ny. This bias
arises from the complexity of how cloud microphysics is ver-
tically distributed within realistic clouds, which may some-
times deviate from the adiabatic assumptions in which the
Ny _cal equation is based. Also, the choice of the absorbing
channel in the bi-spectral retrieval is a factor that contributes
to this derived bias. Due to different liquid water absorption
and therefore vertical sensitivities at different channels, the
3.7 um band which has the strongest absorption, retrieves re
closer to the cloud top, and agrees the most with the refer-
ence LES Ny, compared to results derived from pairing the
0.86 um band with the 1.6 and 2.1 um band.

To investigate how 3D radiative effects impact Ny esti-
mates, we calculate Ny ca using cloud properties derived
from 1D RT-based reflectances and compare directly with
Ng_cal calculated using cloud properties derived from 3D
RT-based reflectances. These comparisons are performed
for multiple bi-spectral band pairs (pairing VNIR = 0.86 um
with either of Aps = 1.6, 2.1, and 3.7). Results from this
comparison carried out at different SZAs show that, for high
sun (SZA = 10°), the statistical distributions of Ng_cal(Aabs)
from 3D and 1D RT agree well for all three LES cases.
Domain-averaged NgDcal(kabS) and NiDcal(kabs) was also
compared to determine the overall impact of the 3D (bright-
ening and darkening) effects on the domain scale. For the
high sun case, the domain-averaged Ng’]?:a] (Aabs) is smaller

compared to N ;I%al()\abs). This indicates that the darkening
effect which dominates cloud property retrievals when the
sun is high also dominates the domain-averaged N gDcal (Aabs)
result (i.e., overestimated r. and underestimated T dominates
the cloud property retrievals and yields lower Ng%al(kabs)

values compared to NC} Dcal()‘abs) results). A similar pattern is

also observed for the domain-averaged N gDcal(kabs) derived
from not too oblique SZAs (e.g., SZA 30°).

When the sun is low at SZA 50°, 3D radiative effects be-
come stronger and produce larger variability in the retrieval-
derived Ng. This occurs because both brightening and dark-
ening effects occur in significant amount at the low sun an-
gle. Brightening effects tend to produce larger T and smaller
re, leading to larger N, gljcal(kabs) compared to corresponding

N C{_Dcal()‘abS) values, while darkening effects tend to produce
smaller 7 and larger re, leading to smaller N ggal(kabs) com-

paredto N, c{Dcal()‘abs) values. At the domain scale, the relative
magnitude of these effects changes with SZA and absorbing
channel used for retrievals. For larger SZAs, the brightening
effect becomes more dominant in several cases, causing the
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domain-averaged N(?Dca]()»abs) to exceed its 1D RT counter-
part, although the SZA at which this transition occurs de-
pends on the absorbing channel and cloud scene.

The statistical distributions of Ny ¢4 at satellite-like
(MODIS, VIIRS) pixel footprints were also examined. Com-
pared to retrievals at the native LES resolution of 100 m,
the 800 m results exhibit some subtle differences depend-
ing on how one defines the cloud mask for the coarse res-
olution observations. We divide the retrieval population into
two groups: all cloud retrievals (including partly cloudy) or
overcast cloudy pixels (i.e., removing partly cloudy pixels).
When all valid cloudy pixels are included, including partially
cloudy pixels, the Nq ca1 distributions tend to shift toward
smaller values, indicating that partially cloudy coarse pix-
els can influence the retrieved Ny. However, when only con-
fident overcast cloudy pixels are retained, the mean Ng_cal
values at the native LES and coarse satellite-like resolu-
tions become more comparable. This behavior is observed
consistently for the 1.6, 2.1, and 3.7 um absorbing-channel
retrievals, which suggests that it is not just restricted to a
specific band. Therefore, satellite-like coarse-resolution re-
trievals can provide comparable mean Ny estimates to the
native-resolution results when partly cloudy pixels are ex-
cluded, and only confidently cloudy pixels are utilized.

We show that the sensitivity s(t), defined as the change
in T with respect to Ny at constant LWP (a Nadrcal |Lwp), 18 in-
fluenced by both retrieval errors due to 3D radiative effects
and LWP categorization errors. The results reveal that 3D ef-
fects retrieval error cancel out in s(t) calculated under 3D
RT using LWP self-categorization (i.e., LWP derived from re
and t retrieved from 3D reflectance) to give s(t) values that
aligns closely to theoretical expectation (1/3), compared to
corresponding s(7) values obtained when non-self-consistent
LWP categorization is applied.

At the native LES resolution, the average regression-
based relative susceptibility (Sy re1) computed from retrievals
which utilize 3D RT reflectance is generally smaller than
the corresponding 1D RT estimates at low LWP/t for all
three absorbing-channel retrievals. However, this behavior
reverses toward larger LWP/t, where the S re1 from 3D be-
comes comparable to, or larger than, the 1D RT result. This
indicates that 3D RT modifies not only the magnitude of
Su.rel, but also its dependence on cloud optical state. At the
coarser 800 m resolution, the differences between the 1D-
and 3D-based susceptibility estimates are substantially re-
duced over the low-to-moderate LWP/zr regimes, although
the degree of agreement remains somewhat dependent on the
absorbing channel. This closer agreement at coarse resolu-
tion low- to moderate LWP regimes suggest compensation
between plane-parallel retrieval biases and 3D radiative ef-
fects, yielding more comparable susceptibility estimates than
those obtained at the native LES resolution.

In conclusion, we demonstrate the impact of 3D effects
on bi-spectral retrieval of t and r and their subsequent im-
pact on the ability to infer Ny from such retrievals. Retrieval
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errors are known to have far-reaching implications, biasing
aerosol—cloud interaction studies that attempt to constrain
the impact of the first aerosol indirect effect (Quaas et al.,
2020). Our study shows that 3D effects have significant im-
pact on regression-based relative albedo-susceptibility at the
native LES resolution than at coarser satellite-like footprints
and low-to-moderate LWP and optical depth regimes. We
emphasize that these susceptibility estimates are not exact
3D RT derivatives of area-averaged TOA albedo. They are
regression-based diagnostics computed from locally regis-
tered domain-top albedo and are therefore sensitive to the
chosen flux-registration convention. At the coarse 800 m res-
olution, differences between 1D- and 3D-based relative sus-
ceptibility estimates are substantially reduced across the low-
to-moderate LWP/r regimes, suggesting partial compensa-
tion between plane-parallel retrieval biases, and 3D radiative
effects. Improvements in satellite retrievals of cloud proper-
ties, from which Ny is inferred, remain important — especially
the development of retrieval methods that are less sensitive
to 3D radiative effects. Recently, there has been increased
development of polarimetric retrievals of cloud properties,
offering the potential to constrain biases associated with r,
retrieval to the extent that the uppermost cloud layer micro-
physics captures the desired physics. However, the method of
retrieving t still utilizes the spectral technique, so any Ng re-
trieval derived from a polarimeter may not benefit from some
of the compensating error impacts observed in this study for
low to moderate LWP and 7 regimes at the coarse-resolution
observations. Other retrieval techniques such as cloud prop-
erty retrievals using a combination of active and passive in-
struments can also provide a better means to retrieve Ny and
should be greatly encouraged.
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