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Abstract. Aerosol climate impacts remain uncertain, in part because global aerosol composition observations have been un-
available to constrain Earth System Models (ESMs). We present the first comparison of aerosol composition from the Plankton,
Aerosol, Cloud, ocean Ecosystem (PACE) satellite’s Spectropolarimeter for Planetary Exploration one (SPEXone) against an
ESM, co-locating Remote sensing of Trace gas and Aerosol Products (RemoTAP) retrievals with NASA GISS ModelE simu-
lations to within 15 minutes over 2024-2025. In the fine mode, the two correlate well over land, capturing the same seasonal
biomass burning and pollution cycles. The coarse mode, however, diverges: mineral dust agrees to within ~10% by volume
over land, yet SPEXone exceeds ModelE eightfold over ocean, where it covaries with modeled sea salt and increases away
from desert sources. Because SPEXone partitions the coarse mode on shape alone, we suggest this excess is nonspherical ma-
rine aerosol rather than mineral dust. Finally, ModelE carries a median 3.6 times the water per unit dry sea salt that SPEXone
infers over ocean. Substituting reanalysis relative humidity (RH) and an observationally constrained hygroscopicity each move
the model toward the retrieval, but neither alone nor together do they reproduce it. This factor amounts to only 0.027 in global
median effective marine refractive index, amplified by the nonlinearity of the mixing rule used to infer water. Together, these

results provide a first evaluation of modeled aerosol composition against PACE SPEXone retrievals.

1 Introduction

Atmospheric aerosols, hereon referred to as aerosols, are tiny liquid and solid particles suspended in Earth’s atmosphere,
ranging in size from a few nm to several ym in diameter. Despite being tiny, aerosols play a major role in determining Earth’s
energy balance. Aerosols are responsible for scattering and absorbing a significant portion of the Sun’s light, and for facilitating
the nucleation of nearly every cloud droplet and crystal, which themselves interact with light in complex ways (Seinfeld and
Pandis, 2016). Aerosols are also important for air quality, with those smaller than 2.5 pm posing a risk to human health (Seposo
et al., 2019). As such, studying aerosols, and accurately representing them in Earth System Models (ESMs), is essential for
both the short-term and long-term well-being of humans.

As a result of their abundance, aerosols greatly impact Earth’s energy balance. They do so both directly through their

interactions with light, and indirectly through their ability to serve as cloud condensation nuclei (CCN) and ice nucleating
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particles (INP). The sixth Intergovernmental Panel on Climate Change (IPCC) report found that aerosol-radiation interactions
were responsible for —0.47 to 0.04 W m~2 of the change in effective radiative forcing from 1750 to 2019, compared to —1.45
to —0.25 W m~? from aerosol-cloud interactions (ACI) (Forster et al., 2021). Collectively, this uncertainty is greater than that
from all greenhouse gases combined (Forster et al., 2021). As a consequence, aerosols are believed to net cool Earth’s surface,
offsetting on the order of a third of the warming from greenhouse gases as of 2014 (Li et al., 2022). Importantly, a general
decline in anthropogenic aerosol emissions in the United States, East Asia, and parts of Europe has been observed since 2015,
which is why some believe global temperatures have been anomalously warm in the 2020s relative to ESM projections (Bauer
et al., 2022; Quaas et al., 2022; Park et al., 2024). As such, accurately quantifying the aerosol direct and indirect effects is a
major focus of research efforts today.

To constrain aerosol properties globally, a number of observational datasets have been developed. Ground-based networks
such as the AErosol RObotic NETwork (AERONET) provide column-integrated aerosol properties at fixed locations world-
wide (Holben et al., 1998), while active satellite instruments such as the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite infer detailed
aerosol profiles with high vertical resolution but limited spatial coverage (Winker et al., 2006). Additionally, passive satellites
have provided modelers with global aerosol datasets since the late 1990s, most commonly inferring Aerosol Optical Depth
(AOD) (Torres et al., 2002; Remer et al., 2005). Despite these advances, passive satellites have historically been limited to
cloud-free conditions globally (Christensen et al., 2017; Kaufman et al., 2005), face retrieval challenges in polar regions due to
low sun angles, extended winter darkness, and persistent cloudiness (Wall et al., 2022), and have struggled to constrain aerosol
microphysical properties (Li et al., 2019; Schutgens et al., 2021).

The last of these constraints has been partly addressed by polarimetry. From 2004 to 2012, the POLDER (Polarization and
Directionality of the Earth’s Reflectances) instrument onboard the PARASOL (Polarization and Anisotropy of Reflectances
for Atmospheric Science coupled with Observations from a Lidar) satellite used polarimetric measurements to retrieve aerosol
microphysical properties, though its sensitivity to aerosol composition and coarse-mode particles remained limited (Tanré
et al., 2011). Since the mission ended, however, global observations of detailed aerosol composition and aerosol microphysical
properties have remained a highly sought quantity for the modeling community.

A recent major advance in aerosol retrievals by satellites was the launch of the Plankton, Aerosol, Cloud, ocean Ecosystem
(PACE) satellite on February 8, 2024 (Werdell et al., 2024). PACE carries three Earth-observing instruments, including the
Spectropolarimeter for Planetary Exploration one (SPEXone), a multi-angle spectropolarimeter developed by the Space Re-
search Organization Netherlands (SRON) and Airbus Netherlands (Hasekamp et al., 2019; van Amerongen et al., 2019). Due
to SPEXone’s ability to measure both radiance and linear polarization at unprecedented accuracy and spectral resolution, new
inversion capabilities have become possible, allowing for the retrieval of aerosol microphysical properties globally for the first
time. The Remote sensing of Trace gas and Aerosol Products (RemoTAP) algorithm, developed by SRON, is one such inver-
sion applied to SPEXone observations, providing daily gridded column aerosol by species (Fu et al., 2025). Early validation
efforts have shown strong agreement with AERONET and co-located flight campaigns (Fu et al., 2025; LeBlanc et al., 2024).
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Despite the potential of these novel retrievals to reduce uncertainty of the direct and indirect effect in ESMs, PACE SPEXone
aerosol chemical composition inversions have not yet been compared to ESM simulations. Here, we address this gap by
presenting the first co-located comparison of SPEXone RemoTAP aerosol retrievals with an ESM, namely NASA Goddard
Institute for Space Studies (GISS) ModelE, for 2024-2025. We compare column-integrated aerosol species including mineral
dust, sea salt, black carbon (BC), absorbing organic aerosol (AOA), fine non-absorbing aerosol, and aerosol water, and identify

regional and seasonal drivers of differences between the two products.

2 Data and methods
2.1 ModelE-MATRIX

In this work, we use the GISS ModelE3.1 ESM, a Coupled Model Intercomparison Project Phase 7 (CMIP7) evolution of
ModelE2.1 (Kelley et al., 2020) with multiple updated structural and physical parameterizations (Cesana and Del Genio, 2021;
Elsaesser et al., 2025). ModelE3.1’s final resolution will be a C90 cubed-sphere grid; here we use an intermediate model
version with 2° x 2.5° horizontal resolution and 62 vertical layers. The model is given a one-year spin-up, and the years 2024—
2025 are simulated with output saved every 30 minutes. Sea surface temperatures and sea ice concentrations are prescribed
from the Hadley Centre Sea Ice and Sea Surface Temperature dataset version 1.1 (HadISST1.1) (Rayner et al., 2003), winds
are nudged to National Centers for Environmental Prediction (NCEP) reanalysis data (Kalnay et al., 1996), and greenhouse
gas concentrations follow the CMIP7 protocol (Nicholls et al., 2025). Land use and land cover are prescribed from Land-
Use Harmonization 2 (LUH2) (Hurtt et al., 2020). Anthropogenic emissions are from the Community Emissions Data System
(CEDS; Hoesly et al., 2018) prepared for CMIP7, and daily fire emissions from the Global Fire Emissions Database version 5.1
(GFEDS.1) (van der Werf et al., 2025). Since CEDS emissions data for 2024 and 2025 were not yet available at the time of this
analysis, unlike the biomass burning input files, the most recent available year (2023) was repeated under the assumption that
anthropogenic emissions have not changed significantly over this period. This assumption is supported by the gradual nature
of recent global emission trends, with year-to-year changes in key aerosol precursors such as SO, and BC typically on the
order of a few percent (Hoesly et al., 2018; Bauer et al., 2022). Lastly, clear-sky conditions for ModelE are determined using a
maximum overlap Monte Carlo approach based on the model layer-by-layer cloud fraction (Del Genio et al., 1996; Naud et al.,
2008).

Within ModelE, we employ the Multiconfiguration Aerosol TRacker of mIXing state (MATRIX) aerosol microphysics mod-
ule (Bauer et al., 2008). MATRIX uses the quadrature method of moments to track particle mass, number concentration, and
size distributions of 16 unique aerosol populations mixed with combinations of eight chemical species: sea salt, mineral dust,
organic aerosol (OA), BC, sulfate, nitrate, ammonium, and aerosol water (Bauer et al., 2008). MATRIX represents nucleation,
coagulation, condensation, and internal mixing of aerosols, and is coupled to chemistry in ModelE including a modified Car-
bon Bond Mechanism 4 (CBM-4) chemical mechanism (Gery et al., 1989; Shindell et al., 2003, 2006; Bauer et al., 2020). For
aerosol water, the EQuilibrium Simplified Aerosol Model (EQSAM) thermodynamics module is employed for sulfate-, nitrate-

, and ammonium-containing aerosols (Metzger et al., 2002), while the Lewis parameterization is used for sea salt (Lewis and
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Schwartz, 2004). Sea salt (Jaeglé et al., 2011), mineral dust (Miller et al., 2006), dimethyl sulfide (DMS), and natural carbona-
ceous emissions are calculated interactively, with 10% of terpene emissions assumed to form secondary organic aerosol (Bauer
et al., 2008).

2.2 PACE SPEXone and RemoTAP

PACE is a low-orbit, polar-orbiting, sun-synchronous satellite, with a 1:00 pm equatorial crossing time and 98.3 minute orbital
period that allows for complete global coverage from SPEXone observations approximately every 25 days (Werdell et al.,
2024). SPEXone, one of three Earth-observing instruments onboard PACE, is a multi-angle spectropolarimeter that gathers
light from five fixed viewing angles of 0° (nadir), £20°, and +50°, with a 100 km swath (Hasekamp et al., 2019). SPEXone
collects data from 385-770 nm, with 2—5 nm resolution for radiance and 10—-40 nm resolution for degree of linear polarization,
with polarization uncertainty of 0.003 in absolute sense and radiometric uncertainty of 2% in relative sense (Hoogeveen et al.,
2023).

RemoTAP, developed by SRON, uses a full physics inversion to infer column-integrated aerosol properties from SPEXone
observations by iteratively fitting a linearized radiative transfer model to the measurements (Fu et al., 2025; Hasekamp et al.,
2024). The version of RemoTAP used here from Fu et al. (2025) assumes three log-normal aerosol modes per column: one
fine mode (effective radius between 0.02-0.65 pm) and two coarse modes consisting of a spherical mode assumed to represent
hydrated sea salt and a nonspherical mode assumed to represent mineral dust (effective radius between 0.7-5.0 um each) (Lu
et al., 2022; Hasekamp et al., 2024). First, for the dry portion of the fine mode, chemical composition is inferred from the
retrieved effective imaginary refractive index (IRI), partitioning into AOA, BC, and a non-absorbing remainder. Because the
retrieved fine mode absorption is distributed between BC and AOA, this partitioning depends directly on the IRI assumed for
AOA, taken here from Kirchstetter et al. (2004) and tabulated in Table S2. Since a larger assumed value requires less AOA
volume to reproduce the same absorption, partitioning is less certain than the fine mode total, a point returned to in Sect. 4.1.
For the coarse mode, mineral dust is assumed to produce a nonspherical scattering signal with the IRI being retrieved assuming
a spectral dependence from Torres et al. (2007). It is important to note that any nonspherical coarse particle that is not mineral
dust is still necessarily reported as mineral dust given the assumptions above. The complete set of refractive index (RI) values
used in the RemoTAP retrieval algorithm is tabulated in Table S2, with the corresponding ModelE values in Table S1, and a
spectral comparison of the two in Fig. S1. Lastly, aerosol water is determined assuming a volume-weighted mean real part of
the complex RI of the dry aerosol and water endmembers (van Diedenhoven et al., 2022). The mixing rule constrains volume
fractions, but both uptake schemes considered in Sect. 2.4 return water per unit dry aerosol, so we form the quotient of the two
fractions throughout. Writing the retrieved effective real RI of the coarse spherical mode as n.g, this assumption inverts to a

water-to-dry volume ratio

w Ndry — Teff
— 1
2 )

- ?
Neff — Nwater

w
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with ngry = 1.50 and nyater = 1.33. Equation (1) diverges as neg approaches nyater, S0 the inferred water content is a
strongly nonlinear function of the retrieved index, and small differences in neg correspond to large differences in w. This
sensitivity is quantified in Sect. 3.4. Early validation efforts have shown strong agreement to flight campaign nephelometer

125 data and ECMWEF Reanalysis v5 (ERAS) reanalyses relative humidity (RH) data (Mens et al., 2025). RemoTAP only retrieves
data in clear-sky conditions, using a neural network cloud screening approach that filters pixels with cloud fraction exceeding
5%, and further filters by goodness-of-fit (x? < 5 over land, x2? < 10 over ocean) (Fu et al., 2025).
The native SPEXone L2 pixel resolution is 4.6 km along-track by 5.4 km across-track. For the 1° x 1° gridded product used
here, native pixels are re-gridded by retaining only those with a quality flag of zero (highest quality) and requiring that at least
130 five qualifying pixels fall within each 1° x 1° bin (Fu et al., 2025). All SPEXone results presented here use the 12-Jun-2025
version of this gridded product, which is based on the full physics inversion described above. A hybrid approach combining
collaborative neural networks with this inversion has since been developed for SPEXone and other multi-angle polarimeters
(Fu et al., 2026), but is not used here as the new datasets had not yet been developed over the full two year analysis period this
paper covers at the time of writing. The only use made of it here is the coarse mode partitioning test of Fig. S12, which draws
135 on 348 daily files of the hybrid gridded product spanning February 23, 2024 through February 28, 2025, the end of the hybrid

record at the time of analysis, aggregated without co-location to ModelE.
2.3 Co-location methodology

To enable a like-for-like comparison, clear-sky ModelE output is co-located in time and space to SPEXone inversions. First,

the model is run outputting data at the finest temporal resolution possible, at every 30 minutes, and its output in native 2° x

140 2.5° resolution re-gridded to match SPEXone’s 1° x 1° product using nearest neighbor interpolation. Only clear-sky ModelE

data falling within +15 minutes of SPEXone overpasses in the corresponding 1° x 1° grid cells are retained. The resulting
sampling is sparse and spatially uneven, and is quantified in Sect. 3.1.

Next, the 62 vertical ModelE layers are reduced to column-integrated properties for comparison to SPEXone. For aerosol

3
aerosol

/2, g ce)

composition, mass mixing ratios (Kgaeros01/KZair) per layer are converted to column volume totals per surface area (um, arface

145 using the laboratory-based species densities of Ghan et al. (2001), tabulated in Table S3. Additionally, since RemoTAP infers
AOA, all ModelE OA is assumed to be absorbing to make comparison possible, with the understanding that a significant
non-absorbing fraction exists (Kirchstetter et al., 2004). We therefore write AOA for the retrieval category throughout and
OA for the MATRIX tracer, which the comparison treats as equivalent only under this assumption. Comparisons span from
February 23, 2024, the start of SPEXone data availability, through December 31, 2025, where the end date is constrained by

150 the availability of prescribed input files required to drive ModelE.

To ensure retrieval quality while retaining low-AOD scenes characteristic of clean marine environments, we apply a hybrid
uncertainty filter that retains retrievals with either relative uncertainty below 25% or absolute uncertainty below 0.03. This ap-
proach is motivated by the well-established structure of satellite AOD retrieval errors, which contain both absolute and relative
components (Levy et al., 2013; Sayer et al., 2013). For the AERONET comparison of Fig. S2, AERONET AOD at 500 nm

155 is converted to 550 nm using the 440-870 nm Angstrom exponent reported with each record, 7(550) = 7(500) (550/500) ",



160

165

170

175

180

185

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

applied per observation before averaging; the median conversion factor is 0.896. Agreement between the two products is sum-
marized throughout by the coefficient of determination R? and the normalized mean bias (NMB), defined as the summed
ModelE minus SPEXone difference over the summed SPEXone values, so that positive NMB indicates ModelE exceeding
SPEXone.

2.4 Aerosol water diagnostics

Sect. 3.4 compares the two products in terms of the water carried per unit dry sea salt, w = V,,/V;. Two comparisons are
made, each on a different subset of the co-locations. The thermodynamic and RH comparisons use every co-located ocean cell
carrying both a non-zero dry salt burden and an RH profile. The RI comparison instead requires a retrieved effective index
strictly between the two endmembers, since Eq. (1) is undefined at or below the water endmember and negative above the dry
one, which excludes a further 11.8%. Those lie almost entirely at or below nyater, SO their removal acts to lower the retrieved
water volume. The magnitude of this effect is quantified in Sect. 3.4.

In ModelE, water associated with sea salt tracked by MATRIX is computed at each model grid box from the RH through
a growth function g(RH), defined as the mass of water taken up per unit mass of dry salt. The water and dry salt burdens in
grid box k are Wi, = mgs 1 g(RHy) Ay, and Sy, = mygg Ay, where myg is the dry sea salt mass mixing ratio summed over the
accumulation (SSA), coarse (SSC), and mixed sea salt modes (MXX), and Ay, is the grid box air mass per unit area. Summing
over the 62 grid boxes of the column and dividing by the appropriate bulk densities (pss = 2165 and p,, = 1000 kg m~3; Table
S3) converts these to volumes per unit surface area, and the model analog of the retrieved quantity is their ratio, Wmodel =
Vi /Va. Because the water in each grid box scales in direct proportion to the dry salt it carries at fixed RH, multiplying the salt
in every grid box by a constant multiplies the water by the same constant and leaves w unchanged. A bias in ModelE’s total
sea salt burden therefore does not propagate into w, leaving it sensitive only to the relative vertical distribution of the salt.

The growth function of sea salt in ModelE is based on the parameterization of Lewis and Schwartz (2004), applied within
the model at each timestep and subject to a phase-state branch that sets the water to zero for crystalline particles. The recom-

putations in this section apply the same uptake expression offline,

m B
H=—""=A+-—"—"— H 4 2
gL( ) ma +1_[_17 >0 53 ()

where H is RH as a fraction, clamped to [0.010, 0.995], and the constants A = 0.23633 and B = 0.58185 are those used
within ModelE, following the growth parameterization of Lewis and Schwartz (2004). Equation (2) returns a mass ratio;
conversion to the w of Eq. (1) requires the factor pgs/p,, = 2.165 from Table S3. The model’s phase-state branch cannot be
reproduced offline, since instantaneous fields carry no RH history: between the efflorescence RH (ERH) of sodium chloride,
0.45, and its deliquescence RH (DRH) of roughly 0.75 (Armstrong Green et al., 2024; Cziczo et al., 1997), a particle may be
crystalline or deliquesced depending on its trajectory. Equation (2) therefore hydrates all salt above 0.45. We bracket introduced
bias by switching uptake on at the DRH instead, the maximally effloresced limit in which every grid box below H = 0.75 is

crystalline and holds no water. Under ModelE’s own RH this lowers the column ratio by under 1%, because 98% of the
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column dry salt sits above the DRH, where no efflorescence treatment has any effect. The reanalyses are drier, so the bound is
weaker: 2% under MERRA-2, which holds 94% of its dry salt above the DRH, and 22% under ERAS, which holds only 72%.
Hysteresis is therefore negligible for the model configuration compared in Sect. 3.4, and an upper bound rather than an estimate
for the reanalysis recomputations. For comparison we also apply the single-parameter hygroscopicity framework of Petters and
Kreidenweis (2007), which under the Kelvin-free approximation appropriate to coarse sea salt returns the equilibrium water-

to-dry volume ratio directly,

Vo, H

H=—=r—
gre(H) = 30 =Ry

3)

evaluated at k = 1.10, constrained from laboratory measurements of real inorganic sea salt at RH = 90% (Zieger et al.,
2017). Since « is defined on volumes, Eq. (3) returns w directly, while Eq. (2) must first be converted. Equation (3) treats
as independent of RH, an approximation Petters and Kreidenweis (2007) find adequate across the subsaturated range within
measurement uncertainty, so we adopt the single reported value throughout. It is applied without the ERH cutoff of Eq. (2),
since it describes equilibrium growth rather than a hysteresis branch; under 1.2% of the column dry salt sits below the ERH in
any of the three RH fields, so imposing that cutoff would change the column ratio by at most 0.2%. Both schemes diverge as
H — 1, so the column water is a strongly nonlinear function of the RH in the grid boxes that carry the dry salt.

Because the growth functions depend only on RH, the ModelE water burden can be recomputed under alternative RH
fields while holding the modeled dry salt distribution fixed. We exploit this to evaluate ModelE’s aerosol water against two
independent reanalyses in addition to its online RH. So that the three are directly comparable, RH is computed identically
for all of them, as the ratio of specific humidity to its saturation value, with saturation vapor pressure over liquid water at all
temperatures following Murphy and Koop (2005), from each product’s archived temperature, specific humidity, and pressure.
For ModelE this reproduces the diagnosis the model performs internally for its tracer modules. For MERRA-2, data are taken
from the three-hourly pressure-level collection M2 I3NPASM at 0.5° x 0.625° resolution (Gelaro et al., 2017), and for ERAS
from the six-hourly pressure-level product at 1° resolution (Hersbach et al., 2020). The recomputed fields reproduce each
product’s own reported RH to within 0.01 for MERRA-2 and 0.002 for ERA5 above 0°C. Below freezing the liquid-only
values are lower, as expected from the lower saturation vapor pressure over ice, though this is of little consequence here since
the median column carries only 0.03% of its dry sea salt below 0°C.

Both pressure-level products terminate at 1000 hPa, leaving the lowest few tens of meters of the marine column, where a
substantial fraction of the sea salt resides, below the bottom of the reported profile. Each profile is therefore extended to the
surface using the corresponding 2 m fields: temperature, specific humidity, and surface pressure from the hourly single-level
collection M2 I1NXASM for MERRA-2, and 2 m temperature, 2 m dewpoint temperature, and surface pressure from the single-
level product for ERAS, with dewpoint converted to specific humidity before entering the same expression. The resulting
anchor at 2 m above the surface gives every ModelE grid box a corresponding reanalysis RH value by interpolation rather than
extrapolation or rescaling. Without it, 30% of the dry sea salt volume for MERRA-2 and 16% for ERAS lies below the lowest

reported level. ModelE, evaluated on its own native levels, requires no such treatment.
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For each co-located SPEXone and ModelE grid cell, both reanalyses are sampled at the nearest grid point in space and
at the time step nearest 13:00 local solar time, matching the PACE equatorial crossing. Since ModelE is also sampled at the
SPEXone overpass itself (Sect. 2.3), all three RH fields describe the same time of day. The resulting profiles are linearly
interpolated in height onto the ModelE levels of that column, so all three RH fields are evaluated on a common vertical grid,
and the column integrals are computed on those native levels. Separately, and only for the composite profiles of Fig. 10a—c,
each column is additionally interpolated onto a fixed 125 m grid before averaging across columns; because ModelE levels sit at
varying geometric heights depending on the column, this allows a composite by-level comparison. ModelE RH bias is reported
as a paired difference computed column by column before compositing, and column ratios w are reported as distributions
on a logarithmic axis and summarized by medians throughout, since w is positive and strongly right-skewed. Where the two
products are compared as a ratio, the statistic quoted is the median of the per-cell ratio wmodel/WsPEXones given with its

interquartile range.

3 Results
3.1 AOD comparisons and co-location validation

To begin, we quantify how much data survives co-location, and its impact on AOD. Figure 1a shows the spatial distribution
of coincident SPEXone and ModelE clear-sky data, with the highest occurrence counts per grid cell across the tropics and
mid-latitudes. Sampling is sparse and spatially uneven, owing to the narrow SPEXone swath, the differing clear-sky overlaps,
and reduced retrieval coverage over bright surfaces and in low light. Across the 648 days for which SPEXone files are available
in this period, SPEXone reports a value in 2,406,098 cell-days, 5.7% of all grid cell and day combinations, of which 758,926,
or 1.8% of all combinations, survive cloud screening. Co-located ModelE is independently clear in a comparable 763,753 cell-
days, and the two coincide in 365,140, or 48.1% of the SPEXone clear-sky subset. Applying the quality filter of Sect. 2.3 leaves
the 357,302 pairs on which all following analysis rests. Figure 1¢,d compare the mean clear-sky AOD at 550 nm for all ModelE
data and co-located ModelE data, respectively, with Fig. 1b showing the corresponding zonal means alongside SPEXone. The
co-located ModelE zonal means more closely reproduce the latitudinal variations observed by SPEXone, particularly between
50° N and 75° N, indicating that the co-location procedure effectively accounts for spatial sampling bias (Schutgens et al.,
2016). This improvement likely reflects episodic boreal biomass burning at these latitudes: because ModelE is driven by
daily fire emissions, the co-located output captures individual smoke events coincident with SPEXone overpasses that would

otherwise be diluted under monthly or annual averaging.
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Figure 1. Spatial and temporal co-location of ModelE clear-sky data to SPEXone data from February 23, 2024 through December 31, 2025.
(a) Number of coincident SPEXone and ModelE clear-sky occurrences per grid cell; the color scale saturates at 25. (b) Zonal mean aerosol
optical depth (AOD) at 550 nm for all ModelE clear-sky data (solid blue), co-located ModelE (dashed orange), and SPEXone (dotted black).
(c) Mean AOD at 550 nm for all ModelE clear-sky data (£ = 0.166). (d) Mean AOD at 550 nm for ModelE data co-located to within £15
minutes of a SPEXone overpass (z = 0.193). (e) Difference between (c) and (d) (x = —0.011), computed as the mean of per-cell differences
over cells where both are defined, which is why it does not equal the difference of the means in (c) and (d). Gray regions in all map panels

indicate missing data where either SPEXone did not retrieve or ModelE simulated cloudy conditions.
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Co-locating ModelE to SPEXone overpasses also increases the global mean AOD by approximately 16%, from 0.166 to
0.193, consistent with SPEXone’s limited coverage of poorly lit, low-aerosol polar regions, which remove low-AOD scenes
from the co-located data (Chen et al., 2024). Figure 2b,e display the SPEXone AOD and its relative uncertainty (defined as the
ratio of absolute uncertainty to the retrieved value) at 550 nm. The SPEXone global mean AOD is roughly 31% lower than
that of co-located ModelE, with the difference in Fig. 2c concentrated over the biomass burning regions of central Africa and
over South Asia. Split by surface, the deficit is larger over land (39%, 0.283 versus 0.171) than over ocean (25%, 0.161 versus
0.121). Figure 2d shows the ratio directly, and resolves structure the difference map does not: SPEXone exceeds ModelE across
the high northern latitude ocean, while ModelE exceeds SPEXone over the Southern Ocean, where the absolute differences
are too small to register in Fig. 2c. Part of the land difference may reflect the prescribed fire source, which remains poorly
constrained, with emission factors often varying between studies by more than their own mean (van der Werf et al., 2025).
As an independent check, both SPEXone and ModelE AOD are compared against co-located AERONET stations (Fig. S2).
SPEXone shows less scatter and a smaller bias (R? = 0.73, RMSE = 0.108, bias = —0.028) than ModelE (R? = 0.46, RMSE
= 0.268, bias = +0.038), but a log-log slope of 0.83 against ModelE’s 0.96, underestimating the highest-AOD scenes. This
remains poorer than the agreement reported for the same retrieval by Fu et al. (2025) (RMSE 0.053 over land, 0.043 over
ocean) and Fu et al. (2026) (0.051 and 0.037), who average SPEXone retrievals within 20 km of a station over land and 50 km
over ocean rather than the 1° cell used here. Since most AERONET sites sit near sources, the wider radius adopted here may
contribute an apparent negative bias that need not indicate retrieval error. Both Fu et al. (2025) and Fu et al. (2026), however,
report a small negative AOD bias over land (—0.017 and —0.015) alongside a small positive one over ocean (4+0.010 and

+-0.005) even at their narrower radii, so the sign is likely not solely a sampling effect.
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Figure 2. Co-located ModelE and SPEXone clear-sky aerosol optical depth (AOD) from February 23, 2024 through December 31, 2025.
(a) Mean clear-sky AOD at 550 nm for ModelE data that co-located within £15 minutes of SPEXone overpass (z = 0.193). (b) SPEXone
AOD co-located to ModelE clear-sky data (z = 0.134). (c) Their difference, ModelE — SPEXone (Z = 0.059). (d) Their ratio, ModelE /
SPEXone (z = 1.44), on a logarithmic scale. (¢) SPEXone relative uncertainty (median = 3.94%) at 550 nm, highest over the western US,
Australia, and southwest South America. Gray regions indicate missing data where either SPEXone did not retrieve or ModelE simulated

cloudy conditions.
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3.2 Global aerosol speciation comparisons

Having properly accounted for spatiotemporal co-location, we next evaluate aerosol chemical composition. Figure 3 shows the
mean column burden of mineral dust, sea salt, and aerosol water for both ModelE and SPEXone alongside their differences
from February 23, 2024 through December 31, 2025.

Of the three species shown, sea salt shows the closest agreement globally, with mean column burdens of 8.0 x 1072 and
7.0 x 1073 um?3/pum? for ModelE and SPEXone, respectively, with both products showing peaks in the mid-latitude ocean

bands consistent with strong surface wind-driven emissions (Jaeglé et al., 2011).

e

ModelE SPEXone ModelE — SPEXone

Mineral Dust

Sea Salt

Aerosol Water

=== =

X =128.2 X =312

Figure 3. Mean co-located column aerosol burden (1073 pm3 aerosol/,umz) for mineral dust (top), sea salt (middle), and aerosol water
(bottom) for ModelE (left), SPEXone (center), and their difference ModelE - SPEXone (right), from February 23, 2024 through December
31, 2025. Global means (Z) are shown below each panel. Gray regions indicate missing data where either SPEXone did not retrieve or

ModelE simulated cloudy conditions.

Mineral dust, in contrast, shows an uneven disagreement. Globally SPEXone retrieves 30.8 x 10~3 um?3/um? against Mod-
elE’s 10.7 x 10~3 um?3/pm?, but this conceals a sharp split between land and ocean. Over land the two products agree to within
~10% (SPEXone 34.0 x 10~3 versus ModelE 30.5 x 10~ pm?/um?), and over the Sahara itself, where the coarse nonspherical
signal is least likely to be contaminated by other species, agreement is comparably close (Fig. 9). Over the ocean, however,

SPEXone exceeds ModelE by a factor of 8.4 (29.7 x 1073 versus 3.5 x 1072 um3/um?). We defer interpretation of this split:
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the regional analyses in Sect. 3.3 take up what the oceanic excess could represent, and whether long-range coarse mineral dust
transport is accurately represented in ModelE is returned to in Sect. 4.

Perhaps the most striking disagreement is aerosol water, where ModelE shows a global mean of 128.2 x 1073 ym3/um?,
more than four times SPEXone’s 31.2 x 10~3 um3/um?. This disagreement is almost entirely an oceanic phenomenon: over
land the two products are comparable (17.7 x 1072 and 12.6 x 10~ zm?/um? for ModelE and SPEXone, within a factor of
1.4), whereas over the ocean ModelE exceeds SPEXone by a factor of 4.4 (168.2 x 1073 versus 37.9 x 1072 pm3/um?).

Since sea salt is a major driver of aerosol water over the ocean, one might expect differences in sea salt burden to explain
this ocean excess. The two products do report comparable coarse sea salt over the ocean (within 24%), though that agreement
is provisional and subject to the retrieval reattribution proposed in Sect. 4.2. The analysis in Sect. 3.4 therefore works in w, the

water carried per unit dry salt, a ratio left unchanged by scaling the salt in either product.
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Figure 4. Same as Fig. 3 but for the fine mode: absorbing organic aerosol (AOA; top), fine non-absorbing aerosol (middle), and black carbon
(BC; bottom). RemoTAP assigns only the absorbing fraction of organic aerosol to AOA and the remainder to the fine non-absorbing category,
a split MATRIX does not make, so all ModelE OA is assumed absorbing here. The mirrored biases over biomass burning regions reflect the
two products dividing the same organic material differently: ModelE exceeds SPEXone in AOA (Z = 3.4 versus 1.3 x 1072 pm?/um?) but
falls below it in fine non-absorbing aerosol (3.2 versus 7.1). Retrieved BC is highly sensitive to the assumed IRI and is expected to change

in newer RemoTAP versions.

For the fine mode species shown in Fig. 4, AOA shows a large disagreement between PACE and ModelE, with ModelE’s
global mean of 3.4 x 10~3 pm3/um? being more than double SPEXone’s 1.3 x 1073 um3/um?. The difference map shows
ModelE exceeding SPEXone particularly over biomass burning and anthropogenic emissions hotspots. Fine non-absorbing
aerosol shows a bias of the opposite sign in the same places, with SPEXone’s global mean of 7.1 x 10~2 ym3/um? more than
double ModelE’s 3.2 x 10~ pm3/um?. This mirroring likely follows from the assumption that all ModelE OA is absorbing,
when in reality a significant non-absorbing fraction exists that SPEXone instead attributes to the fine non-absorbing category.
Summing the three fine mode species removes this dependence, and the two products then agree to within 5% over land
(Fig. S3). The assumption is necessary because ModelE cannot separate AOA within OA in the MATRIX configuration used
here, although the capability exists in the One-Moment Aerosol (OMA) module (DeLessio et al., 2024).

Regardless of mirroring, SPEXone’s fine non-absorbing excess is particularly pronounced over the North Pacific, North
Atlantic, and Southern Ocean, where ModelE shows very little fine mode aerosol. The excess survives summation (Fig. S3), so

it is not a partitioning artifact. Over the Northern Hemisphere oceans, transported biomass burning and anthropogenic aerosol
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is a plausible contributor. Over the Southern Ocean, far from those sources, secondary marine aerosol formed from biogenic
gas emissions including DMS, isoprene, monoterpenes, and amines is a candidate instead, having been shown to produce
accumulation mode sulfate and organic particles in this environment (Russell et al., 2023). If real, this excess would have
direct implications for the aerosol indirect effects in these regions, as candidate inorganic aerosols are likely efficient CCN
(Fanourgakis et al., 2019).

Finally, BC shows relatively close global means of 0.2 and 0.3 x 10~ zm?/um? for ModelE and SPEXone, respectively,
though SPEXone shows notably higher background values over the remote oceans. Retrieved BC volume is uncertain in these
scenes for two reasons: it depends on the assumed IRI, and lensing from BC coatings can enhance apparent absorption (Liu
et al., 2022). Both bear on an absorption signal that is already weak in the low-AOD remote marine scenes where the excess
appears. Notably, the newer RemoTAP version retrieves less absorption over ocean (Fu et al., 2026), which would lower the
retrieved BC burden there. Insufficient long-range BC transport in ModelE would produce the same excess from the model

side, and the two cannot be separated here.
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Figure 5. Monthly mean co-located column aerosol burden stacked by species for ModelE (top) and SPEXone (bottom), separated over land
(left) and ocean (right), from March 2024 through December 2025. Over land the two products track one another in both magnitude and
seasonality, with mineral dust dominating and peaking in boreal summer. Over ocean they diverge in composition regardless of seasonality:
ModelE assigns 89.9% of its burden to aerosol water, while SPEXone splits its burden between aerosol water (46.5%) and mineral dust

(37.0%). Both differences are addressed in Sects. 3.3 and 3.4.

15



315

320

325

330

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The seasonality of these global differences is shown in Fig. 5, with monthly mean total column burden stacked by species
over land and ocean for both products from March 2024 through December 2025. Over land, both products show comparable
seasonal cycles, with boreal summer peaks consistent with the well-documented May through September maximum in Saharan
dust storm activity (Engelstaedter et al., 2006). Over the ocean, however, the two products diverge substantially. ModelE’s
total oceanic burden (179.5 x 102 zm?/um?) is roughly 2.1 times that of SPEXone (85.2 x 1072 pm?/um?), driven almost
entirely by aerosol water, which comprises 89.9% of ModelE’s oceanic amount compared to 46.5% for SPEXone. Conversely,
SPEXone’s oceanic mineral dust (29.7 x 1073 um3/um?) is roughly eight times that of ModelE (3.5 x 1073 ym?/um?). In
short, the two products disagree not only on total aerosol volume per surface area over the ocean, but also on composition:
ModelE attributes the bulk to aerosol water, while SPEXone splits it between mineral dust and aerosol water.

ModelE also exceeds SPEXone in ocean AOD, by a factor of 1.33 against 2.1 in volume, as expected if the excess sits in
coarse hydrated particles of low extinction efficiency. That ocean mean is not itself a water signal, however, since it mixes
basins where water dominates AOD with those where it does not. Over the Northern Hemisphere ocean, mineral dust and
transported fine mode aerosol both contribute substantially (Fig. 4), so the AOD difference there reflects other species. The
Southern Ocean and southern subtropical basins come closer to permitting the reading, since hydrated sea salt is a major
contributor to extinction, ModelE exceeds SPEXone across them (Fig. 2d), and the water ratio of Sect. 3.4 is largest in the
same regions (Fig. 11b,c). Even there, secondary marine fine mode aerosol contributes to extinction, and SPEXone retrieves
more of it than ModelE in these regions (Sect. 3.3), which works against the water difference rather than for it. AOD therefore
points the same way without depending on the mixing rule, but it cannot isolate water from other aerosol types in each column.

As for global total volume overall, taken as area-weighted means of the co-located fields shown in Figs. 3 and 4, ModelE
is dominated by aerosol water (83.4%), followed by mineral dust (6.9%), sea salt (5.2%), AOA (2.2%), fine non-absorbing
aerosol (2.1%), and BC (0.1%). SPEXone, on the other hand, divides its burden almost equally between aerosol water (40.1%)
and mineral dust (39.6%), followed by fine non-absorbing aerosol (9.2%), sea salt (9.0%), AOA (1.7%), and BC (0.4%).
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3.3 Regional aerosol speciation comparisons

To investigate regional drivers of the global differences described above, Figures 6 and 7 show mean column burden by species
for SPEXone and ModelE across all longitudes at 15-35° N and 25-5° S, respectively, from February 23, 2024 through
December 31, 2025. Together, these latitude bands capture many major aerosol source regions of both hemispheres, including
North America, the Sahara, Central Africa, South America, and South Asia.

Fine mode aerosol shows good agreement in both latitude bands (NMB = —3% at 15-35° N, NMB = —14% at 25-5° S), with
both products capturing peaks over well-documented source regions — over the eastern USA and South Asia in the Northern
Hemisphere (Bauer et al., 2022), and over Central Africa and South America in the Southern Hemisphere (Feron et al., 2024).
Sea salt also shows reasonable agreement in the Northern Hemisphere band (NMB = —1%), though ModelE shows more
relative to SPEXone in the Southern Hemisphere (NMB = 30%), particularly over the South Atlantic and Indian Oceans
where stronger surface winds drive elevated emissions (Jaeglé et al., 2011; Erickson et al., 1986), though this comparison is
provisional, since a coarse mode reattribution proposed in Sect. 4.2 would raise the retrieved sea salt burden.

Mineral dust tells a more complex story across the two latitude bands. In the Northern Hemisphere the NMB is —50%,
but this bias is not distributed evenly with longitude: the two products track one another closely across the Saharan and
Middle Eastern source longitudes, but their relative differences increase sharply over the Atlantic and Pacific basins on either
side, where SPEXone retains a substantial mineral dust burden that ModelE does not. The divergence is therefore confined
to the ocean sectors of the band rather than being a uniform offset. In the Southern Hemisphere, however, the mineral dust
disagreement is much larger (NMB = —92%), with SPEXone retrieving substantially more mineral dust than ModelE at nearly
all longitudes, including over the remote South Atlantic and Indian Oceans far from any desert source regions. Notably, in
Fig. 7, the SPEXone mineral dust signal closely tracks the sea salt signal in shape and magnitude across longitudes, and
increases away from desert source regions, decreasing over Australia rather than peaking there as would be physically expected
for transported mineral dust. Quantitatively, at 25-5° S, SPEXone mineral dust correlates positively with ModelE sea salt
(r = +0.82) but negatively with ModelE mineral dust (r = —0.38), based on 5° longitude-bin means across all surfaces. This
suggests that a portion of the mineral dust inferred by RemoTAP in the Southern Hemisphere tropics stems from misattribution
of nonspherical scattering signals from other nonspherical aerosols, most likely sea salt.

Sea salt aerosol that dries below its ERH adopts cubical or cuboidal shapes rather than remaining spherical (KanngieBer
and Kahnert, 2021), and such particles depolarize backscattered light in a manner that optical models based on spherical sea
salt do not reproduce (Bi et al., 2018). Critically, this is not solely a modeling expectation: airborne High Spectral Resolution
Lidar (HSRL-2) measurements have observed elevated aerosol depolarization in marine layers attributable to nonspherical
sea salt (Ferrare et al., 2023), establishing that a depolarizing, non-mineral-dust coarse marine population may be present
in the real atmosphere at the altitudes SPEXone integrates over. Because RemoTAP’s coarse mode partitioning assigns the
nonspherical fraction entirely to mineral dust (Sect. 2.2), such particles are necessarily reported as mineral dust regardless of

their composition. Whether the retrieved absorption can separate them is taken up in Sect. 4.2.
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Figure 6. Longitudinal comparison of co-located column aerosol burden (um?’/um2) for SPEXone (blue) and ModelE (orange) between

15-35° N, averaged over 5° longitude bins and smoothed with a 3-bin centered rolling mean, from February 23, 2024 through December 31,

2025. Shading indicates %1 rolling standard deviation. Normalized mean bias (NMB) values are shown for each row. Tan shading indicates

longitudes where land area exceeds 25%.
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Of all the species, aerosol water shows the largest and most consistent disagreement across both latitude bands (NMB =
235% at 15-35° N, NMB = 287% at 25-5° S), concentrated almost entirely over the ocean basins while the two products agree
substantially better over land. Sea salt burdens remain comparable over the ocean (within 24%), though that comparison is
subject to the nonspherical partitioning caveat of Sect. 4.2. The water difference does not rest on it: the retrieval infers water
from the effective refractive index, so it is unchanged by any reattribution of coarse volume between the two species. Sect. 3.4

further analyzes this discrepancy over all ocean cells.
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Figure 7. Same as Fig. 6 but between 25-5° S. Notably, SPEXone mineral dust covaries with sea salt strongly at this latitude band, and

decreases over expected source regions, such as over Australia.
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To further examine regional drivers of these differences, Fig. 8 shows time series of co-located column burden by species
over South America, alongside R? values and NMB. Both SPEXone and ModelE capture a pronounced austral spring peak in
fine mode aerosol (NMB = —16%), consistent with biomass burning in the Gran Chaco and southern Amazon (Feron et al.,
2024). Sea salt also shows reasonable agreement (NMB = —35%), with SPEXone slightly exceeding ModelE year-round, again
subject to the nonspherical partitioning caveat. Perhaps most notably, SPEXone retrieves a pronounced mineral dust signal over
South America (NMB = —95%) that peaks sharply during the austral spring burning season and closely tracks the fine mode
time series in both phase and shape. Previously, it has been shown that up to 30% of smoke layers over South America may
consist of nonspherical particles (Midzak et al., 2023; Liu and Mishchenko, 2020). Since central South America lacks major
proximal desert source regions, and transatlantic Saharan mineral dust transport does not peak in austral spring (Engelstaedter
et al., 20006), this covariance suggests that a portion of the mineral dust inferred by RemoTAP may stem from misattribution of
nonspherical scattering signals produced by coarse mode biomass burning smoke in this region.

These patterns recur across the regions in the Supplement, supporting both the aerosol water and nonspherical non-mineral-
dust findings. The biomass burning misattribution seen over South America reappears over the Eastern United States, where
SPEXone mineral dust covaries with the fine mode during an August 2024 smoke episode (Fig. S5), and over Southern Africa
during the austral dry season (Fig. S6). Over the remote oceans, where little mineral dust is expected, SPEXone retrieves
a persistent mineral dust baseline that ModelE lacks, most strikingly over the North Pacific (NMB = —99%, Fig. S7) and
Southern Ocean (Fig. S8), consistent with sea salt misattribution. Aerosol water disagreement peaks over these same regions
(NMB = 361% North Pacific, 706% Southern Ocean), while the Sahara and SE Asia are the regions of closest mineral dust
agreement (NMB = —10% and —24%, Figs. S9 and S10), reinforcing that the mineral dust discrepancy is smallest where

mineral dust is genuinely present and largest where it is not.
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Figure 8. Mean aerosol column densities (um®/pm?) and aerosol optical depth (AOD) at 550 nm over South America (25° S—5° N, 70° W-
40° W) from SPEXone (blue) and ModelE (orange), from February 23, 2024 through December 31, 2025. Panels show, from top to bottom,
fine-mode aerosol (BC + AOA + fine non-absorbing), sea salt, mineral dust, aerosol water, and total column AOD. Curves are 10-day centered
rolling means with 1 standard deviation shading. Axes are scaled independently when the normalized mean bias (NMB) exceeds +50%

and shared otherwise.
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Finally, Fig. 9 synthesizes several key findings from repeating the temporal analyses from Fig. 8 for each of Sahara, Eastern
USA, SE Asia, Southern Africa, as well as the North Pacific & Southern Oceans. Region boundaries are given in Fig. S4.
Firstly, total fine mode agreement is strongest over the biomass burning regions (R? = 0.70, 0.81, 0.74 for SE Asia, South
America, and Southern Africa), weaker over the Sahara and the Eastern USA (0.38 and 0.50), and collapses over the oceans
(R? =0.08 and 0.02 for the Southern and North Pacific Oceans, respectively). Additionally, within the fine mode, AOA and fine
non-absorbing biases mirror each other across all land regions, consistent with the assumption that all ModelE OA is absorbing
when a significant non-absorbing fraction exists (Kirchstetter et al., 2004). This is confirmed by the much better statistical
scores of the total fine mode shown in the second column that eliminates this assumption, and by the total fine mode maps of
Fig. S3.

For the coarse mode, the mineral dust bias is strikingly region-dependent. Agreement is closest over the Sahara (NMB =
—10%) and SE Asia (NMB = —24%), the two regions where coarse nonspherical aerosol is most likely to genuinely be mineral
dust, and degrades monotonically away from them, reaching —95% over South America and —99% over the North Pacific.
Correlation follows the same ordering, with R? falling from 0.20 over the Sahara to near zero over the oceans: not only does
the model fail to reproduce the magnitude of the retrieved ocean mineral dust, it fails to reproduce its day-to-day variability,
which would not be expected if the two were tracking the same geophysical quantity at different amplitudes. Both features
are consistent with SPEXone overestimating mineral dust away from source regions through misattribution of nonspherical
scattering from sea salt. Finally, the aerosol water bias is modest over land (NMB = +23% over the Sahara, —5% over SE Asia)
but grows dramatically over the oceans (+361% over the North Pacific, +706% over the Southern Ocean). The disagreement is

therefore squarely a marine one, and is the subject of the following Sect. 3.4.
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Figure 9. Heatmaps of (a) coefficient of determination (R?) and (b) normalized mean bias (NMB, %) between ModelE and SPEXone daily

regional mean aerosol properties across seven regions. Species shown are total column aerosol optical depth (AOD, 550 nm), total fine-mode

(BC + AOA + fine non-absorbing), individual fine-mode components, sea salt, mineral dust, and aerosol water.

3.4 Attribution of the marine aerosol water discrepancy

The regional analyses above localize the aerosol water disagreement to marine aerosol but do not identify its cause. Here we

415 examine it directly over ocean, using the water associated with sea salt, which dominates marine aerosol water uptake and

corresponds to the coarse spherical mode from which RemoTAP infers its water product. Sea salt can account for over 90% of

sea spray aerosol mass, with most of that mass in particles greater than 1 ym dry diameter (Russell et al., 2023), so treating it as

the only contributor to marine aerosol water is a reasonable approximation. It holds best in the remote marine boundary layer
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and degrades toward coastlines, where sulfate, nitrate, and transported pollution contribute hygroscopic volume that ModelE
carries, so the model side of the comparison is a lower bound there.

Following Sect. 2.4, we work with the water-to-dry-salt volume ratio w of Eq. (1) rather than the water burden or the water
volume fraction f,, since both uptake schemes reduce to it and referencing to a dry volume makes any difference in w a
difference in water alone. The cost is that w diverges as neg — Nwater, SO both a small index difference and any endmember
error are amplified. We therefore report the comparison in all three quantities: w for the thermodynamics, and f,, and n.g for
its magnitude. Two comparisons follow. The first tests whether ModelE can be brought to the retrieval thermodynamically,
recomputing its water under two reanalysis RH fields and two uptake schemes while holding the modeled vertical dry salt
distribution fixed. The second, since w is inferred from an RI rather than observed, places both products on Eq. (1) and
compares them in index space.

The first set of experiments asks whether bias in the RH ModelE carries where the salt sits can account for the difference

from SPEXone. The relevant property is not the column mean RH but rather the salt-weighted column RH,

Zk RHj mss,k’Ak
Zk mss,k'Ak

where RH, is the RH of model grid box k, mss , the dry sea salt mass mixing ratio of that grid box, and Ay, its air mass

RH= “4)

per unit area, so that each grid box counts in proportion to the dry salt it carries and salt-free grid boxes do not contribute.
Figure 10a,b confirm the offset: ModelE shows RH = 0.858 against 0.792 for MERRA-2 and 0.762 for ERAS. Differenced
column by column, the median excess is 5.7 and 8.6 percentage points respectively, persisting through the depth of the boundary
layer and peaking near 1.7 km. It is not, however, sufficient to bring the modeled w to the retrieved value. Recomputing ModelE
sea salt water under each reanalysis RH while holding the modeled dry salt distribution fixed lowers the median column ratio
from 12.2 t0 9.3 and 6.9 (Fig. 10d), against a SPEXone median of 3.2.

We next test the sensitivity of the modeled w to the uptake scheme itself, substituting the single-parameter framework of
Petters and Kreidenweis (2007) for Eq. (2). Applying «-Kohler at x = 1.10, the value Zieger et al. (2017) constrain from
laboratory measurements of real inorganic sea salt, lowers the median to 9.1 under model RH, 6.6 under MERRA-2, and 4.5
under ERAS5. Lewis is therefore the more hygroscopic of the two. Because both schemes carry the same H/(1— H) divergence,

dividing it out leaves « itself for Kohler and, for Lewis, an effective hygroscopicity

B 1-H
HeH(H): Pﬁ |:A+ 1_}[] T7 )

the value of « that would reproduce the Lewis uptake at that RH. Evaluated at the three RH above, keg = 1.55, 1.72 and
1.81 (Fig. S11), against 1.10 from measurement, and the x ~ 1.4 Petters and Kreidenweis (2007) give as an upper bound for
the most hygroscopic atmospheric species. Lewis therefore takes up more water than laboratory sea salt across the relevant
RH range, and more than that upper bound allows for any species, which suggests it is too hygroscopic as applied here. Still,

no combination of RH source and uptake scheme examined here reproduces the retrieved w: the closest, ERAS RH with the
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450 observationally constrained x, still exceeds it by a factor of 1.4, while the model’s own configuration exceeds it by the median
per-cell factor of 3.6.

Separately of note, 1.8% of ocean retrievals sit at the first-guess index neg = 1.35, which implies w = 7.5. In other words,

the retrieval’s own starting point is closer to ModelE than to where the retrieval converges, which drifts toward markedly drier

aerosol.
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Figure 10. Co-located marine sea salt water, February 23, 2024 through December 31, 2025. Profiles in (a)—(c) are composited by computing
quartiles across columns within each day and averaging across days. (a) Relative humidity (RH) for ModelE, MERRA-2, and ERAS: median
(line) and interquartile range (shading). (b) ModelE minus reanalysis RH, differenced column by column before compositing; median and
interquartile range. (c) Dry sea salt volume per unit height, median (gray line) and interquartile range (gray shading), and the associated water,
computed under each RH field (color) and each uptake scheme (solid, Lewis; dashed, x-Kohler with x = 1.10); water curves show medians
only. (d) Distributions of the column ratio w over all co-located ocean cells for the same six scheme—RH combinations, with the SPEXone
retrieved distribution at bottom. Densities are normalized on the log axis and share a common vertical scale, so heights are comparable across

rows; black bars show medians, with values also printed at right, and the dotted line marks the SPEXone median.

27



455

460

465

470

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Since no thermodynamic adjustment closes the gap, the second analysis asks how large the water discrepancy is in the
quantity the retrieval actually constrains. Recast in RI space, the SPEXone median over the full record is neg = 1.370 against
ModelE’s 1.343 (Fig. 11a). This difference of 0.027 spans 16% of the interval between the two endmembers, nary — Nwater =
0.17, and therefore corresponds to a coarse spherical mode that is 76% water by volume in the retrieval against 93% in the
model. The two also differ in spread as much as in central value: the interquartile range of n.g, and hence of f,,, is 5.9 times
broader in SPEXone than in ModelE (Fig. 11a). The model therefore occupies a narrow band near the water endmember
while the retrieval samples much of the interval between the endmembers, a difference in variability independent of the offset
between the medians. Expressed as the ratio w = f,,/ fq in which both uptake schemes are formulated, however, the same
difference becomes a factor of 3.6 globally, taken as the median of the paired per-cell ratio, with an interquartile range of 1.5
to 7.1 (Fig. 11a). This stems from the amplification not being symmetric: the derivative of Eq. (1) evaluates to —106 at the
retrieved median but —1046 at the model median, so an identical index error carries roughly ten times the consequence for the
model-derived water.

Also of note, this discrepancy is not a constant offset. Binned by latitude, the ratio ranges from approximately 5.5 near
40° S to 1.1 at 70° N (Fig. 11b,c). The retrieved w reaches its minimum in the Southern Ocean storm belt, where sea spray
production is greatest and a well mixed marine column would be expected to be wettest, while the model peaks in the tropics.
Finally, the retrievals excluded at the water endmember (Sect. 2.4) bear on the size of this separation. Because f,, is linear in
neg and remains defined beyond the endmembers, their effect can be evaluated exactly rather than bounded: including them
all raises the retrieved median water fraction from 0.764 to 0.794, against 0.93 in the model. The exclusion therefore accounts

for a small part of the separation and cannot explain it.
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Figure 11. Marine sea salt water over co-located ocean columns recast in refractive index space, with both products placed on the single

relation of Eq. (1). (a) Position of each product on Eq. (1), which relates the effective real refractive index of the coarse spherical mode at

550 nm to the water-to-dry-salt volume ratio w. The retrieved w follows directly from Eq. (1); the modeled w is computed by the Lewis

parameterization, and its corresponding index is obtained by inverting the same volume-weighted mixing rule with the same endmembers

(nary = 1.50, nwater = 1.33). The two axes are related analytically rather than independently measured, so both products lie on the curve

by construction and differ only in their position along it. Median column values are marked with dotted lines. (b) Zonal mean w for both

products with interquartile shading. (c) Geometric mean of the per-cell ratio of modeled to retrieved w on the 1° grid.
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4 Discussion
4.1 Fine mode agreement

Fine mode agreement over land is the most robust result of this comparison, with both products resolving the same biomass
burning and anthropogenic seasonal cycles. The mirror-image AOA and fine non-absorbing biases reflect assumptions on
both sides: MATRIX does not separate absorbing from non-absorbing OA, so treating all ModelE OA as absorbing inflates
AOA and depletes fine non-absorbing, while on the retrieval side the IRI assumed for AOA (Kirchstetter et al., 2004) is large
enough so that little AOA volume is required to reproduce the retrieved absorption, leaving a larger non-absorbing remainder
(Sect. 2.2, Table S2). Because the bias cancels when the two are summed (Fig. 9), the disagreement is likely one of partitioning,
not of total fine mode amount. Notably, a newer RemoTAP product iteration (Fu et al., 2026) adopts a substantially smaller
IRI for AOA; preliminary comparisons leave the coarse mode and water results largely unchanged while altering the AOA—
non-absorbing split. The fine mode partitioning reported here is therefore specific to the 12-Jun-2025 product version, with a
note that constraining that index empirically, from scenes confidently dominated by AOA, would remove the largest current
ambiguity.

One fine mode difference not explained by the partitioning assumption is that SPEXone retrieves substantially more total
fine mode aerosol than ModelE over the North Pacific, North Atlantic, and Southern Ocean. Over the Northern Hemisphere
basins, insufficient long-range transport of biomass burning and anthropogenic aerosol in ModelE is plausible, since continental
sources lie upwind. Over the Southern Ocean, far from those sources, secondary marine aerosol from biogenic gas emissions
is the likelier candidate (Russell et al., 2023). The excess survives summation (Fig. S3), so neither is a partitioning artifact, and

either would have implications for ACI in these regions.
4.2 Shape alone cannot identify mineral dust

The two mineral dust products agree within 10% by volume over both the Sahara and land overall, while the SPEXone excess
is much larger over remote ocean basins than downwind of sources. The mechanism follows from the SPEXone assumption of
Sect. 2.2: the coarse mode is partitioned based on shape alone, so every nonspherical coarse particle is reported as mineral dust
regardless of composition. At least two populations plausibly violate that assumption in an influential way.

The first is sea salt. At 25-5° S retrieved mineral dust covaries with modeled sea salt (r = +0.82), anticovaries with modeled
mineral dust (r = —0.38), and increases away from Australia (Fig. 7). There is a plausible physical basis for this assignment,
since sea salt drying below its ERH adopts cubical habits rather than remaining spherical (Kanngieer and Kahnert, 2021; Bi
et al., 2018), and instruments such as HSRL-2 have observed the resulting depolarization in marine layers directly (Ferrare
et al., 2023).

The second is biomass burning smoke, which produces a smaller version of the same effect over land. SPEXone mineral
dust over South America tracks the biomass burning fine mode in phase and shape, peaking when Saharan transport is at its
seasonal minimum (Fig. 8). Smoke is likewise often nonspherical, with up to 30% of smoke layers over South America found

to potentially contain nonspherical particles (Midzak et al., 2023; Liu and Mishchenko, 2020). Other nonspherical populations,
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including pollen (Bohlmann et al., 2021) and airborne microplastic fragments and fibers (Revell et al., 2021), have been
documented but are unlikely to contribute comparably at the global scale given their far smaller atmospheric burdens. We
note that in the new version of the SPEXone product from Fu et al. (2026), a fine non-spherical mode has been introduced
to account for fine-mode non-spherical smoke and mineral dust. This is expected to improve the representation of fine non-
spherical aerosol.

The comparison also opens an unintended route to constraining coarse sea spray aerosol morphology. Shape alone cannot
separate absorbing mineral dust from non-absorbing sea salt (Table S2), but the retrieved IRI can. The 12-Jun-2025 product
analyzed here does not report an IRI for the coarse nonspherical mode, so we test this on the newest hybrid RemoTAP product
of Fu et al. (2026), which does. Over remote ocean, far from desert sources, that index falls to its lower bound of 1077,
indicating an essentially non-absorbing population. Reassigning to sea salt the volume in cells where that index falls below
1077, effectively at the bound, removes 68% of the retrieved mineral dust over ocean but only 25% over land, leaving the
desert source regions and their plumes intact (Fig. S12), and would bring the eightfold oceanic mineral dust excess of Sect. 3.3
to roughly a factor of three. Being a different product version and not co-located with ModelE, this is indicative rather than a
correction to our results.

Read this way, the retrieved ocean mineral dust field may be a first global-scale indication of how much coarse marine aerosol
is nonspherical, and the implied magnitude is large. Nonspherical particles scatter differently from the spheres assumed for
sea salt in ModelE and in most radiative transfer treatments, so the marine direct effect may be computed on the wrong
phase function. Nonsphericity also implies partial or complete crystallization, and a crystallized particle carries little water.
It is therefore reasonable to ask whether the two principal findings of this work share a cause, though that is not resolved
here: implicating crystallization would likely require vertical depolarization measurements paired with co-located RH profiles,
which SPEXone does not supply. The Atmospheric Lidar (ATLID) aboard the Earth Cloud, Aerosol and Radiation Explorer
(EarthCARE), launched in May 2024, measures depolarization as a vertical profile and therefore responds to particle shape
directly, and is complementary to SPEXone in this respect: pairing the two with reanalysis RH could plausibly constrain the

height and RH at which the retrieved nonsphericity occurs (Donovan et al., 2024).
4.3 Marine aerosol water and the volume mixing rule

The aerosol water disagreement is the largest systematic bias identified in raw magnitude, and Sect. 3.4 turns it into a test of
the model’s uptake scheme. Working in the water-to-dry-salt ratio w removes any dependence on the sea salt burden, leaving a
disagreement about the water held per unit dry sea salt, which is what an uptake scheme predicts. Equation (1) then translates
between w and the retrieval’s native units: the median per-cell factor of 3.6 in w corresponds to just 0.027 in effective RI. Most
of that apparent magnitude follows from the divergence of Eq. (1) near the water endmember, since the model sits close enough
to Nwater that an identical index error propagates ten times more strongly into its water ratio than into the retrieval’s. Ocean
AOD is consistent with this reading and does not depend on the mixing rule, though other species in the column keep it from

isolating water (Sect. 3.1).
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Regardless of Eq. (1) sensitivity, neither RH nor the uptake scheme closes the difference on its own, though both act in
the same direction. ModelE is humid by 5.7 and 8.6 percentage points in salt-weighted column RH against MERRA-2 and
ERAS respectively, yet substituting either reanalysis still leaves the model ratio two to three times the SPEXone w. Its Lewis
parameterization (Lewis and Schwartz, 2004) also takes up more water than x-Kohler does at the measured hygroscopicity,
corresponding to ke of 1.55 to 1.81 across the three RH fields against the 1.10 measured for real inorganic sea salt (Zieger
et al., 2017). The closest any combination comes to matching the SPEXone w is ERA5 RH with x-Kohler at x = 1.10, which
brings the model ratio to 4.5 against a retrieved 3.2 (Fig. 10d), accounting for much of the excess but leaving a residual factor
of roughly 1.4. Two lines therefore point the same way: the model carries higher RH than either reanalysis where the salt sits,
and its uptake scheme is more hygroscopic than measurement supports. Ocean AOD is consistent with both, since ModelE
exceeds the retrieval in the regions where the water ratio is largest, though it cannot isolate water from other aerosol types in
the column. ModelE therefore appears biased high in marine aerosol water, with its RH and uptake scheme each contributing
but neither, nor the two combined, accounting for the full difference.

The retrieval side carries its own limitations. First, no uncertainty is reported on the RI, which is the quantity Eq. (1) is
most sensitive to. Second, the assumed dry endmember of 1.50 sits at the low end of plausible values, and therefore could
bias the inferred water fraction low. Finally, Eq. (1) presumes a homogeneous particle, whereas marine aerosol carrying an
organic fraction can phase-separate and thereby alter its optical properties (Freedman, 2020). Therefore, neither product’s
marine aerosol water should be treated as a reference for the other, and independent constraints from in-situ nephelometry

(Mens et al., 2025) and lidar remain possible routes to resolving the residual difference.
4.4 Limitations of the comparison

Neither of the coarse mode findings above establishes that the model’s coarse aerosol is itself well represented. A genuine
deficit in simulated long-range mineral dust transport, if present, would act in the same direction as the misattribution described
here, and the evidence available cannot separate the two. Separating them will likely require the retrieved IRI to distinguish
marine from mineral dust particles, which we suggest shape alone cannot do in current RemoTAP versions (Sect. 4.2). The
remote marine scenes carrying the largest mineral dust excess also tend to carry weaker optical signals, which limits the
polarimetric constraint on particle shape. How sensitive the retrieved nonsphericity is to diminishing AOD is the subject of
ongoing evaluation.

This study has also not addressed aerosol size distributions or mixing state, both of which influence optical properties
nonlinearly. On size, SPEXone reports fine mode effective radii validated against AERONET, but constructing an analogous
MATRIX quantity requires decisions about which of the 16 populations to include and how to weight them vertically and across
modes, a comparison we are actively developing. Mixing state raises a related difficulty. Internally mixed BC can absorb up
to twice as strongly as an external mixture (Bauer et al., 2013; Liu et al., 2022; Bond and Bergstrom, 2006), so whether
SPEXone’s volume-weighted mixing assumptions hold in regions where BC and inorganic aerosol are internally mixed must
also be quantified (Mallet et al., 2005).
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A further limitation is that SPEXone retrieves column-integrated properties while ModelE-MATRIX resolves 62 layers,
raising the question of whether a vertical weighting kernel is needed to build a genuine satellite analog. Forward simulating
SPEXone-analog radiance and polarization from ModelE output and re-retrieving with RemoTAP would address this. A PACE
forward simulator already exists (Zhai et al., 2022), and reducing the 62 model layers to a form suitable for it is ongoing
work, analogous to the Cloud Feedback Model Intercomparison Project Observation Simulator Package (COSP) developed
for cloud comparisons (Bodas-Salcedo et al., 2011). Beyond the vertical dimension, SPEXone’s horizontal sampling is also
limited, since a 100 km swath yields sparse coverage and polar regions go largely unobserved. HARP2 (Gao et al., 2023) and
OCI (Werdell et al., 2024) onboard PACE offer near-daily global coverage but either lack the information content or accuracy

(in current product versions) that enables species-level partitioning.
4.5 Implications and outlook

SPEXone data are relevant for ESM development because mineral dust and sea salt emissions are tuned rather than prescribed
from inventories, and that tuning rests on few field measurements. Across the 15 CMIP5 models evaluated by Wu et al. (2020),
global mineral dust emission varies by a factor of 4-5 at fixed size range, and current estimates of oceanic fluxes to aerosol
and aerosol precursors span over two orders of magnitude (Russell et al., 2023). A retrieval trusted at the species level over
ocean would therefore supply an observational target that does not currently exist, and the coarse mode refinement identified
in Sect. 4.2 may be a step towards one.

Lastly, though this study treats clear-sky aerosol, the differences identified carry direct implications for ACI, since droplet
number and cloud albedo depend on CCN number, size, and composition (Fanourgakis et al., 2019; Virtanen et al., 2025), and
hygroscopic growth sets the wet radius at activation (Petters and Kreidenweis, 2007). Future work analyzing aerosol data from
SPEXone alongside cloud data from OCI and HARP2 could help to better constrain ACI in ESMs, the dominant uncertainty

in anthropogenic forcing (Forster et al., 2021).

5 Conclusions

We present the first global comparison of aerosol chemical composition between a satellite retrieval and an ESM. PACE
SPEXone retrievals from the RemoTAP algorithm are co-located in time and space with NASA GISS ModelE-MATRIX
simulations from February 2024 through December 2025, and column-integrated volumes of mineral dust, sea salt, BC, AOA,
fine non-absorbing aerosol, and aerosol water are compared directly.

Fine mode aerosol shows the strongest agreement, with both products resolving the same seasonal cycles over land tied to
biomass burning and anthropogenic sources. Its internal partitioning, however, is less certain than its total, since the mirrored
AOA and fine non-absorbing biases cancel when summed and reflect assumptions on both sides rather than a deficiency in
either. The coarse mode is where the products diverge the most, and where the disagreement proves most informative. Mineral
dust agrees closely over land and the Sahara, yet SPEXone exceeds ModelE eightfold over ocean, with the excess largest

over remote basins rather than downwind of sources. That oceanic excess covaries with modeled sea salt in the Southern
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Hemisphere tropics, indicating that nonspherical marine aerosol is being reported as mineral dust. A smaller version of the same
effect appears over land, where retrieved mineral dust tracks the biomass burning fine mode over South America, pointing to
nonspherical smoke. Coarse sea salt agreement is stronger, though only provisionally: the refinement we propose, partitioning
the coarse nonspherical mode on the retrieved IRI rather than shape alone, would reassign part of that population to sea salt
and raise the retrieved burden. Lastly, aerosol water is the largest bias in raw magnitude, with ModelE exceeding SPEXone
by a median factor of 3.6 per cell, but this amounts to a difference of only 0.027 in the effective RI of the coarse spherical
mode, amplified by the divergence of the mixing rule through which the retrieval infers water. A high RH bias in ModelE and
an uptake scheme more hygroscopic than observations support each contribute, but together they leave a residual, motivating
future work.

Read together, the two products constrain one another. SPEXone separates absorbing from non-absorbing fine aerosol and is
sensitive to particle shape, neither of which ModelE can observe; ModelE resolves species by origin across 62 vertical layers,
which a column-integrated retrieval cannot recover. Crucially, the constraint runs in both directions. Because ModelE places
mineral dust and sea salt in their established regions and seasons, it allows us to identify which SPEXone retrievals are likely
misassigned, and points to the retrieved IRI as the quantity that could separate them. Applied that way, the retrieval would yield
a global measure of what fraction of coarse marine aerosol is nonspherical, a quantity no model currently constrains. An ESM
can therefore serve as more than a target for satellite evaluation; it can be a tool for improving the retrieval itself, and a first

step toward using PACE-era aerosol composition to reduce uncertainty in the aerosol direct and indirect effects.

Code and data availability. GISS ModelE3.1 simulation code is publicly available via the NASA GISS ModelE repository at https://simplex.
giss.nasa.gov/snapshots/. The model was driven by prescribed sea surface temperatures and sea ice from HadISST1.1 (Rayner et al.,
2003), NCEP reanalysis winds for nudging (Kalnay et al., 1996), anthropogenic emissions from the Community Emissions Data Sys-
tem (Hoesly et al., 2018), and daily fire emissions from the Global Fire Emissions Database version 5.1 (van der Werf et al., 2025).
AERONET Level 1.5 data used for validation in Fig. S2 are available at https://aeronet.gsfc.nasa.gov/. MERRA-2 reanalysis fields are
available from the NASA Goddard Earth Sciences Data and Information Services Center, using the three-hourly pressure-level collection
M2I3NPASM (inst3_3d_asm_Np) and the hourly single-level collection M2 IINXASM (instl_2d_asm_Nx) (Gelaro et al., 2017).
ERAS reanalysis fields are available from the Copernicus Climate Change Service Climate Data Store, using the ERAS pressure-level and
single-level reanalysis products (Hersbach et al., 2020). SPEXone RemoTAP Level 2 retrievals, re-gridded to 1° x 1°, are publicly avail-
able at https://public.spider.surfsara.nl/project/spexone/RemoTAP-SPEXone/ (Fu et al., 2025). The hybrid gridded product used for Fig. S12
is available at https://public.spider.surfsara.nl/project/spexone/RemoTAP-Hybrid-SPEXone-GRIDDED/ (Fu et al., 2026). The co-located
dataset and analysis scripts used to produce all figures in this study are archived at https://doi.org/10.5281/zenodo.22037356.

Author contributions. SF performed all analyses and prepared the manuscript with contributions from all co-authors. SEB and KT supervised

the work, led relevant ModelE development efforts, and contributed to the study design. OH and GF developed the RemoTAP retrieval

34



https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

algorithm used to develop the SPEXone data products, provided guidance on the retrieval assumptions described in Sect. 2.2, and proposed

the absorption-based coarse mode criterion tested in Sect. 4.2.
Competing interests. At least one of the co-authors is a member of the editorial board of Atmospheric Chemistry and Physics.

Acknowledgements. Climate modeling at GISS is supported by the NASA Integrated Modeling Virtual Institute (IMVI) program, and re-
640 sources supporting this work were provided by the NASA High-End Computing (HEC) Program through the NASA Center for Climate
Simulation (NCCS) at Goddard Space Flight Center. SPEXone is a public—private initiative funded by the Netherlands Space Office (NSO),
the Netherlands Organisation for Scientific Research (NWO), SRON, and Airbus-NL. We thank the principal investigators (PIs) of the
AERONET network and their staff for establishing and maintaining the different sites used in this investigation. The authors thank Brian
Cairns for helpful discussions on satellite—model comparison, Seyed Mohammad Hassan Erfani for helpful discussions on coding infrastruc-

645 ture, Maegan DeLessio for helpful comments on AOA, and Ron Miller for helpful discussions on ModelE mineral dust.

Financial support. SF has been supported by the Future Investigators in NASA Earth and Space Science and Technology (FINESST) pro-
gram (grant no. 80NSSC22K1442). OH has been supported by the European Space Agency (ESA) Airsense project (grant no. 4000142902/23/INS).

35



650

655

660

665

670

675

680

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

References

Armstrong Green, N. C., Haddrell, A. E., Gregson, F. K., Lewis, D., Church, T., and Reid, J. P.: Studies of the Crystallization and
Dissolution of Individual Suspended Sodium Chloride Aerosol Particles, The Journal of Physical Chemistry A, 128, 4315-4323,
https://doi.org/10.1021/acs.jpca.4c02158, 2024.

Bauer, S. E., Wright, D. L., Koch, D., Lewis, E. R., McGraw, R., Chang, L.-S., Schwartz, S. E., and Ruedy, R.: MATRIX (Multiconfiguration
Aerosol TRacker of mIXing state): an aerosol microphysical module for global atmospheric models, Atmospheric Chemistry and Physics,
8, 6003-6035, https://doi.org/10.5194/acp-8-6003-2008, 2008.

Bauer, S. E., Ault, A., and Prather, K. A.: Evaluation of aerosol mixing state classes in the GISS modelE-MATRIX climate
model using single-particle mass spectrometry measurements, Journal of Geophysical Research: Atmospheres, 118, 9834-9844,
https://doi.org/10.1002/jgrd.50700, 2013.

Bauer, S. E., Tsigaridis, K., Faluvegi, G., Kelley, M., Lo, K. K., Miller, R. L., Nazarenko, L., Schmidt, G. A., and Wu, J.: Historical
(1850-2014) Aerosol Evolution and Role on Climate Forcing Using the GISS ModelE2.1 Contribution to CMIP6, Journal of Advances in
Modeling Earth Systems, 12, https://doi.org/10.1029/2019ms001978, 2020.

Bauer, S. E., Tsigaridis, K., Faluvegi, G., Nazarenko, L., Miller, R. L., Kelley, M., and Schmidt, G.: The Turning Point of the Aerosol Era,
Journal of Advances in Modeling Earth Systems, 14, https://doi.org/10.1029/2022ms003070, 2022.

Bi, L., Lin, W., Wang, Z., Tang, X., Zhang, X., and Yi, B.: Optical Modeling of Sea Salt Aerosols: The Effects of Nonsphericity and
Inhomogeneity, Journal of Geophysical Research: Atmospheres, 123, 543-558, https://doi.org/10.1002/2017jd027869, 2018.

Bodas-Salcedo, A., Webb, M. J., Bony, S., Chepfer, H., Dufresne, J.-L., Klein, S. A., Zhang, Y., Marchand, R., Haynes, J. M., Pincus, R., and
John, V. O.: COSP: Satellite simulation software for model assessment, Bulletin of the American Meteorological Society, 92, 1023-1043,
https://doi.org/10.1175/201 1bams2856.1, 2011.

Bohlmann, S., Shang, X., Vakkari, V., Giannakaki, E., Leskinen, A., Lehtinen, K. E. J., Pitsi, S., and Komppula, M.: Lidar depolarization
ratio of atmospheric pollen at multiple wavelengths, Atmospheric Chemistry and Physics, 21, 70837097, https://doi.org/10.5194/acp-21-
7083-2021, 2021.

Bond, T. C. and Bergstrom, R. W.: Light Absorption by Carbonaceous Particles: An Investigative Review, Aerosol Science and Technology,
40, 27-67, https://doi.org/10.1080/02786820500421521, 2006.

Cesana, G. V. and Del Genio, A. D.: Observational constraint on cloud feedbacks suggests moderate climate sensitivity, Nature Climate
Change, 11, 213-218, https://doi.org/10.1038/s41558-020-00970-y, 2021.

Chen, L., Ding, M., She, Y., Zhang, L., Zeng, Z., Jia, J., Zheng, Y., Tian, B., Zhu, K., Wang, X., Yao, Z., and Che, H.: Regional Aerosol
Optical Depth over Antarctica, Atmospheric Research, 308, 107 534, https://doi.org/10.1016/j.atmosres.2024.107534, 2024.

Christensen, M. W., Neubauer, D., Poulsen, C. A., Thomas, G. E., McGarragh, G. R., Povey, A. C., Proud, S. R., and Grainger, R. G.:
Unveiling aerosol-cloud interactions — Part 1: Cloud contamination in satellite products enhances the aerosol indirect forcing estimate,
Atmospheric Chemistry and Physics, 17, 13 151-13 164, https://doi.org/10.5194/acp-17-13151-2017, 2017.

Cziczo, D. J., Nowak, J. B., Hu, J. H., and Abbatt, J. P. D.: Infrared spectroscopy of model tropospheric aerosols as a function of rel-
ative humidity: Observation of deliquescence and crystallization, Journal of Geophysical Research: Atmospheres, 102, 18 843—18 850,
https://doi.org/10.1029/97jd01361, 1997.

Del Genio, A. D., Yao, M.-S., Kovari, W., and Lo, K. K.-W.: A Prognostic Cloud Water Parameterization for Global Climate Models, Journal
of Climate, 9, 270-304, https://doi.org/10.1175/1520-0442(1996)009<0270:apcwpf>2.0.co;2, 1996.

36



685

690

695

700

705

710

715

720

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

DeLessio, M. A., Tsigaridis, K., Bauer, S. E., Chowdhary, J., and Schuster, G. L.: Modeling atmospheric brown carbon in the GISS ModelE
Earth system model, Atmospheric Chemistry and Physics, 24, 6275-6304, https://doi.org/10.5194/acp-24-6275-2024, 2024.

Donovan, D. P., van Zadelhoff, G.-J., and Wang, P.: The EarthCARE lidar cloud and aerosol profile processor (A-PRO): the A-AER, A-EBD,
A-TC, and A-ICE products, Atmospheric Measurement Techniques, 17, 5301-5340, https://doi.org/10.5194/amt-17-5301-2024, 2024.
Elsaesser, G. S., van Lier-Walqui, M., Yang, Q., Kelley, M., Ackerman, A. S., Fridlind, A. M., Cesana, G. V., Schmidt, G. A., Wu, J., Behrangi,
A., Camargo, S. J., De, B., Inoue, K., Leitmann-Niimi, N. M., and Strong, J. D. O.: Using Machine Learning to Generate a GISS ModelE
Calibrated Physics Ensemble (CPE), Journal of Advances in Modeling Earth Systems, 17, https://doi.org/10.1029/2024ms004713, 2025.

Engelstaedter, S., Tegen, 1., and Washington, R.: North African dust emissions and transport, Earth-Science Reviews, 79, 73-100,
https://doi.org/10.1016/j.earscirev.2006.06.004, 2006.

Erickson, D. J., Merrill, J. T., and Duce, R. A.: Seasonal estimates of global atmospheric sea-salt distributions, Journal of Geophysical
Research: Atmospheres, 91, 1067-1072, https://doi.org/10.1029/jd091id01p01067, 1986.

Fanourgakis, G. S., Kanakidou, M., Nenes, A., Bauer, S. E., Bergman, T., Carslaw, K. S., Grini, A., Hamilton, D. S., Johnson, J. S., Karydis,
V. A., Kirkevag, A., Kodros, J. K., Lohmann, U., Luo, G., Makkonen, R., Matsui, H., Neubauer, D., Pierce, J. R., Schmale, J., Stier,
P, Tsigaridis, K., van Noije, T., Wang, H., Watson-Parris, D., Westervelt, D. M., Yang, Y., Yoshioka, M., Daskalakis, N., Decesari, S.,
Gysel-Beer, M., Kalivitis, N., Liu, X., Mahowald, N. M., Myriokefalitakis, S., Schrodner, R., Sfakianaki, M., Tsimpidi, A. P., Wu, M.,
and Yu, F.: Evaluation of global simulations of aerosol particle and cloud condensation nuclei number, with implications for cloud droplet
formation, Atmospheric Chemistry and Physics, 19, 8591-8617, https://doi.org/10.5194/acp-19-8591-2019, 2019.

Feron, S., Cordero, R. R., Damiani, A., MacDonell, S., Pizarro, J., Goubanova, K., Valenzuela, R., Wang, C., Rester, L., and
Beaulieu, A.: South America is becoming warmer, drier, and more flammable, Communications Earth & Environment, 5,
https://doi.org/10.1038/s43247-024-01654-7, 2024.

Ferrare, R., Hair, J., Hostetler, C., Shingler, T., Burton, S. P., Fenn, M., Clayton, M., Scarino, A. J., Harper, D., Seaman, S., Cook, A.,
Crosbie, E., Winstead, E., Ziemba, L., Thornhill, L., Robinson, C., Moore, R., Vaughan, M., Sorooshian, A., Schlosser, J. S., Liu, H.,
Zhang, B., Diskin, G., DiGangi, J., Nowak, J., Choi, Y., Zuidema, P., and Chellappan, S.: Airborne HSRL-2 measurements of elevated
aerosol depolarization associated with non-spherical sea salt, Frontiers in Remote Sensing, 4, https://doi.org/10.3389/frsen.2023.1143944,
2023.

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D. J., Mauritsen, T., Palmer, M. D., Watanabe, M., Wild,
M., and Zhang, H.: The Earth’s Energy Budget, Climate Feedbacks, and Climate Sensitivity, in: Climate Change 2021: The Physical
Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change,
edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. L.,
Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelek¢i, O., Yu, R., and Zhou, B., pp. 923-1054,
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, https://doi.org/10.1017/9781009157896.009, figure
7.6,2021.

Freedman, M. A.: Liquid-Liquid Phase Separation in Supermicrometer and Submicrometer Aerosol Particles, Accounts of Chemical Re-
search, 53, 1102—-1110, https://doi.org/10.1021/acs.accounts.0c00093, 2020.

Fu, G., Rietjens, J., Laasner, R., van der Schaaf, L., van Hees, R., Yuan, Z., van Diedenhoven, B., Hannadige, N., Landgraf, J., Smit, M.,
Knobelspiesse, K., Cairns, B., Gao, M., Franz, B., Werdell, J., and Hasekamp, O.: Aerosol Retrievals From SPEXone on the NASA PACE
Mission: First Results and Validation, Geophysical Research Letters, 52, https://doi.org/10.1029/2024g1113525, 2025.

37



725

730

735

740

745

750

755

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Fu, G., Lu, S., Gao, M., Rietjens, J., and Hasekamp, O.: Collaborative Neural Networks Significantly Improve Global
Aerosol Retrievals From Multiangle Polarimeters, IEEE Transactions on Geoscience and Remote Sensing, 64, 4107019,
https://doi.org/10.1109/tgrs.2026.3685881, 2026.

Gao, M., Franz, B. A., Zhai, P.-W., Knobelspiesse, K., Sayer, A. M., Xu, X., Martins, J. V., Cairns, B., Castellanos, P., Fu, G., Hannadige,
N., Hasekamp, O., Hu, Y., Ibrahim, A., Patt, F., Puthukkudy, A., and Werdell, P. J.: Simultaneous retrieval of aerosol and ocean properties
from PACE HARP2 with uncertainty assessment using cascading neural network radiative transfer models, Atmospheric Measurement
Techniques, 16, 5863-5881, https://doi.org/10.5194/amt-16-5863-2023, 2023.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Reichle,
R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella, S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.-K., Koster, R.,
Lucchesi, R., Merkova, D., Nielsen, J. E., Partyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D., Sienkiewicz, M., and Zhao,
B.: The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2), Journal of Climate, 30, 5419-5454,
https://doi.org/10.1175/jcli-d-16-0758.1, 2017.

Gery, M. W., Whitten, G. Z., Killus, J. P, and Dodge, M. C.: A photochemical kinetics mechanism for urban and regional scale computer
modeling, Journal of Geophysical Research: Atmospheres, 94, 12 925-12 956, https://doi.org/10.1029/jd094id10p12925, 1989.

Ghan, S., Laulainen, N., Easter, R., Wagener, R., Nemesure, S., Chapman, E., Zhang, Y., and Leung, R.: Evaluation of aerosol direct radiative
forcing in MIRAGE, Journal of Geophysical Research: Atmospheres, 106, 5295-5316, https://doi.org/10.1029/2000jd900502, 2001.

Hasekamp, O., Litvinov, P., Fu, G., Chen, C., and Dubovik, O.: Algorithm evaluation for polarimetric remote sensing of atmospheric aerosols,
Atmospheric Measurement Techniques, 17, 1497-1525, https://doi.org/10.5194/amt-17-1497-2024, 2024.

Hasekamp, O. P, Fu, G., Rusli, S. P, Wu, L., Di Noia, A., Aan de Brugh, J., Landgraf, J., Martijn Smit, J., Rietjens, J., and van Amerongen,
A.: Aerosol measurements by SPEXone on the NASA PACE mission: expected retrieval capabilities, Journal of Quantitative Spectroscopy
and Radiative Transfer, 227, 170-184, https://doi.org/10.1016/j.jqsrt.2019.02.006, 2019.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons,
A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee,
D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J., H6lm, E.,
Janiskovd, M., Keeley, S., Laloyaux, P., Lopez, P, Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S., and Thépaut,
J.: The ERAS5 global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049, https://doi.org/10.1002/qj.3803,
2020.

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R. J., Bolt, R. M., Bond,
T. C., Dawidowski, L., Kholod, N., Kurokawa, J.-i., Li, M., Liu, L., Lu, Z., Moura, M. C. P., O’Rourke, P. R., and Zhang, Q.: Historical
(1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS), Geoscientific
Model Development, 11, 369-408, https://doi.org/10.5194/gmd-11-369-2018, 2018.

Holben, B., Eck, T., Slutsker, I., Tanré, D., Buis, J., Setzer, A., Vermote, E., Reagan, J., Kaufman, Y., Nakajima, T., Lavenu, F., Jankowiak,
I., and Smirnov, A.: AERONET—A Federated Instrument Network and Data Archive for Aerosol Characterization, Remote Sensing of
Environment, 66, 1-16, https://doi.org/10.1016/s0034-4257(98)00031-5, 1998.

Hoogeveen, R., Kohlhaas, R., Campo, J., Rietjens, J., Eigenraam, A., Veenendaal, I., Siemons, M., van der Vlugt, J., Talsma, J., Dingjan, J.,
Borst, G., Nalla, R., Peters, J., van Amerongen, A., and Landgraf, J.: SPEXone, the multi-angle spectropolarimeter for PACE, adjusted
and improved for new space applications, in: International Conference on Space Optics — ICSO 2022, edited by Minoglou, K., Karafolas,

N., and Cugny, B., p. 160, SPIE, https://doi.org/10.1117/12.2690835, 2023.

38



760

765

770

775

780

785

790

795

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Hurtt, G. C., Chini, L., Sahajpal, R., Frolking, S., Bodirsky, B. L., Calvin, K., Doelman, J. C., Fisk, J., Fujimori, S., Klein Goldewijk, K.,
Hasegawa, T., Havlik, P, Heinimann, A., Humpendoder, F., Jungclaus, J., Kaplan, J. O., Kennedy, J., Krisztin, T., Lawrence, D., Lawrence,
P, Ma, L., Mertz, O., Pongratz, J., Popp, A., Poulter, B., Riahi, K., Shevliakova, E., Stehfest, E., Thornton, P., Tubiello, F. N., van
Vuuren, D. P., and Zhang, X.: Harmonization of global land use change and management for the period 850-2100 (LUH2) for CMIP6,
Geoscientific Model Development, 13, 5425-5464, https://doi.org/10.5194/gmd-13-5425-2020, 2020.

Jaeglé, L., Quinn, P. K., Bates, T. S., Alexander, B., and Lin, J.-T.: Global distribution of sea salt aerosols: new constraints from in situ and
remote sensing observations, Atmospheric Chemistry and Physics, 11, 3137-3157, https://doi.org/10.5194/acp-11-3137-2011, 2011.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., Zhu, Y., Leetmaa, A.,
Reynolds, R., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J., Jenne, R., and Joseph, D.: The
NCEP/NCAR 40-Year Reanalysis Project, Bulletin of the American Meteorological Society, 77, 437—471, https://doi.org/10.1175/1520-
0477(1996)077<0437:tnyrp>2.0.co;2, 1996.

KanngieBer, F. and Kahnert, M.: Modeling Optical Properties of Non-Cubical Sea-Salt Particles, Journal of Geophysical Research: Atmo-
spheres, 126, https://doi.org/10.1029/2020jd033674, 2021.

Kaufman, Y., Remer, L., Tanre, D., Li, R.-R., Kleidman, R., Mattoo, S., Levy, R., Eck, T., Holben, B., Ichoku, C., Martins, J., and Koren, L.:
A critical examination of the residual cloud contamination and diurnal sampling effects on MODIS estimates of aerosol over ocean, IEEE
Transactions on Geoscience and Remote Sensing, 43, 2886—2897, https://doi.org/10.1109/tgrs.2005.858430, 2005.

Kelley, M., Schmidt, G. A., Nazarenko, L. S., Bauer, S. E., Ruedy, R., Russell, G. L., Ackerman, A. S., Aleinov, 1., Bauer, M., Bleck, R.,
Canuto, V., Cesana, G., Cheng, Y., Clune, T. L., Cook, B. L., Cruz, C. A., Del Genio, A. D., Elsaesser, G. S., Faluvegi, G., Kiang, N. Y.,
Kim, D., Lacis, A. A., Leboissetier, A., LeGrande, A. N., Lo, K. K., Marshall, J., Matthews, E. E., McDermid, S., Mezuman, K., Miller,
R. L., Murray, L. T., Oinas, V., Orbe, C., Garcia-Pando, C. P., Perlwitz, J. P., Puma, M. J., Rind, D., Romanou, A., Shindell, D. T., Sun,
S., Tausnev, N., Tsigaridis, K., Tselioudis, G., Weng, E., Wu, J., and Yao, M.: GISS-E2.1: Configurations and Climatology, Journal of
Advances in Modeling Earth Systems, 12, https://doi.org/10.1029/2019ms002025, 2020.

Kirchstetter, T. W., Novakov, T., and Hobbs, P. V.: Evidence that the spectral dependence of light absorption by aerosols is affected by organic
carbon, Journal of Geophysical Research: Atmospheres, 109, https://doi.org/10.1029/2004jd004999, 2004.

LeBlanc, S., Schmidt, S., Knobelspiesse, K., Taylor, P., Crosbie, E., Peterson, C., Nataraja, V., Cairns, B., Cetinic, ., and Becker, S.: Plan-
ning and flying research flights during the suborbital airborne field campaigns ARCSIX and PACE-PAX, ESS Open Archive, preprint,
https://doi.org/10.22541/essoar.173445461.11888127/v1, 2024.

Levy, R. C.,, Mattoo, S., Munchak, L. A., Remer, L. A., Sayer, A. M., Patadia, F., and Hsu, N. C.: The Collection 6 MODIS aerosol products
over land and ocean, Atmospheric Measurement Techniques, 6, 2989-3034, https://doi.org/10.5194/amt-6-2989-2013, 2013.

Lewis, R. and Schwartz, E.: Sea Salt Aerosol Production: Mechanisms, Methods, Measurements and Models, vol. 152 of Geophysical
Monograph Series, American Geophysical Union, ISBN 0875904173, https://doi.org/10.1029/gm152, 2004.

Li, J., Carlson, B. E., Yung, Y. L., Lv, D., Hansen, J., Penner, J. E., Liao, H., Ramaswamy, V., Kahn, R. A., Zhang, P., Dubovik, O., Ding, A.,
Lacis, A. A., Zhang, L., and Dong, Y.: Scattering and absorbing aerosols in the climate system, Nature Reviews Earth & Environment, 3,
363-379, https://doi.org/10.1038/s43017-022-00296-7, 2022.

Li, L., Dubovik, O., Derimian, Y., Schuster, G. L., Lapyonok, T., Litvinov, P., Ducos, E., Fuertes, D., Chen, C., Li, Z., Lopatin, A., Torres,
B., and Che, H.: Retrieval of aerosol components directly from satellite and ground-based measurements, Atmospheric Chemistry and

Physics, 19, 13409-13 443, https://doi.org/10.5194/acp-19-13409-2019, 2019.

39



800

805

810

815

820

825

830

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Liu, L. and Mishchenko, M. IL.: Spectrally dependent linear depolarization and lidar ratios for nonspherical smoke aerosols, Journal of
Quantitative Spectroscopy and Radiative Transfer, 248, 106 953, https://doi.org/10.1016/].jqsrt.2020.106953, 2020.

Liu, L., Schuster, G. L., Moosmiiller, H., Stamnes, S., Cairns, B., and Chowdhary, J.: Optical properties of morphologically com-
plex black carbon aerosols: Effects of coatings, Journal of Quantitative Spectroscopy and Radiative Transfer, 281, 108080,
https://doi.org/10.1016/j.jqsrt.2022.108080, 2022.

Lu, S., Landgraf, J., Fu, G., van Diedenhoven, B., Wu, L., Rusli, S. P, and Hasekamp, O. P.: Simultaneous Retrieval of Trace Gases,
Aerosols, and Cirrus Using RemoTAP—The Global Orbit Ensemble Study for the CO2M Mission, Frontiers in Remote Sensing, 3,
https://doi.org/10.3389/frsen.2022.914378, 2022.

Mallet, P., Guérin, C. A., and Sentenac, A.: Maxwell-Garnett mixing rule in the presence of multiple scattering: Derivation and accuracy,
Physical Review B, 72, https://doi.org/10.1103/physrevb.72.014205, 2005.

Mens, J., van Diedenhoven, B., and Hasekamp, O.: Satellite retrievals of aerosol water uptake and their validation using ground-based, in-situ,
and airborne campaign data, EGU General Assembly 2025, Vienna, Austria, https://doi.org/10.5194/egusphere-egu25-10732, 2025.

Metzger, S., Dentener, F., Pandis, S., and Lelieveld, J.: Gas/aerosol partitioning: 1. A computationally efficient model, Journal of Geophysical
Research: Atmospheres, 107, https://doi.org/10.1029/2001jd001102, 2002.

Midzak, N., Yorks, J. E., Zhang, J., and Nowottnick, E. P.: An Investigation of Non-Spherical Smoke Particles Using CATS Lidar, Journal of
Geophysical Research: Atmospheres, 128, https://doi.org/10.1029/2023jd038805, 2023.

Miller, R. L., Cakmur, R. V., Perlwitz, J., Geogdzhayeyv, 1. V., Ginoux, P., Koch, D., Kohfeld, K. E., Prigent, C., Ruedy, R., Schmidt, G. A,
and Tegen, I.: Mineral dust aerosols in the NASA Goddard Institute for Space Sciences ModelE atmospheric general circulation model,
Journal of Geophysical Research: Atmospheres, 111, https://doi.org/10.1029/2005jd005796, 2006.

Murphy, D. M. and Koop, T.: Review of the vapour pressures of ice and supercooled water for atmospheric applications, Quarterly Journal
of the Royal Meteorological Society, 131, 1539-1565, https://doi.org/10.1256/qj.04.94, 2005.

Naud, C. M., Del Genio, A., Mace, G. G., Benson, S., Clothiaux, E. E., and Kollias, P.: Impact of Dynamics and Atmospheric State on Cloud
Vertical Overlap, Journal of Climate, 21, 1758-1770, https://doi.org/10.1175/2007jcli1828.1, 2008.

Nicholls, Z., Meinshausen, M., Pfliiger, M., and Lewis, J.: CMIP GHG Forcing, https://doi.org/10.5281/zenodo.14892937, 2025.

Park, J. M., McComiskey, A. C., Painemal, D., and Smith, W. L.: Long-Term Trends in Aerosols, Low Clouds, and Large-
Scale Meteorology Over the Western North Atlantic From 2003 to 2020, Journal of Geophysical Research: Atmospheres, 129,
https://doi.org/10.1029/2023jd039592, 2024.

Petters, M. D. and Kreidenweis, S. M.: A single parameter representation of hygroscopic growth and cloud condensation nucleus activity,
Atmospheric Chemistry and Physics, 7, 1961-1971, https://doi.org/10.5194/acp-7-1961-2007, 2007.

Quaas, J., Jia, H., Smith, C., Albright, A. L., Aas, W., Bellouin, N., Boucher, O., Doutriaux-Boucher, M., Forster, P. M., Grosvenor, D., Jenk-
ins, S., Klimont, Z., Loeb, N. G., Ma, X., Naik, V., Paulot, F., Stier, P., Wild, M., Myhre, G., and Schulz, M.: Robust evidence for reversal
of the trend in aerosol effective climate forcing, Atmospheric Chemistry and Physics, 22, 12 221-12 239, https://doi.org/10.5194/acp-22-
12221-2022, 2022.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexander, L. V., Rowell, D. P., Kent, E. C., and Kaplan, A.: Global analyses
of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth century, Journal of Geophysical Research:

Atmospheres, 108, https://doi.org/10.1029/2002jd002670, 2003.

40



835

840

845

850

855

860

865

870

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Remer, L. A., Kaufman, Y. J., Tanré, D., Mattoo, S., Chu, D. A., Martins, J. V., Li, R.-R., Ichoku, C., Levy, R. C., Kleidman, R. G., Eck,
T. F,, Vermote, E., and Holben, B. N.: The MODIS Aerosol Algorithm, Products, and Validation, Journal of the Atmospheric Sciences,
62, 947-973, https://doi.org/10.1175/jas3385.1, 2005.

Revell, L. E., Kuma, P., Le Ru, E. C., Somerville, W. R. C., and Gaw, S.: Direct radiative effects of airborne microplastics, Nature, 598,
462-467, https://doi.org/10.1038/s41586-021-03864-x, 2021.

Russell, L. M., Moore, R. H., Burrows, S. M., and Quinn, P. K.: Ocean flux of salt, sulfate, and organic components to atmospheric aerosol,
Earth-Science Reviews, 239, 104 364, https://doi.org/10.1016/j.earscirev.2023.104364, 2023.

Sayer, A. M., Hsu, N. C., Bettenhausen, C., and Jeong, M.: Validation and uncertainty estimates for MODIS Collection 6 “Deep Blue”
aerosol data, Journal of Geophysical Research: Atmospheres, 118, 7864-7872, https://doi.org/10.1002/jgrd.50600, 2013.

Schutgens, N. A. J., Partridge, D. G., and Stier, P.: The importance of temporal collocation for the evaluation of aerosol models with
observations, Atmospheric Chemistry and Physics, 16, 1065-1079, https://doi.org/10.5194/acp-16-1065-2016, 2016.

Schutgens, N. A. J., Dubovik, O., Hasekamp, O., Torres, O., Jethva, H., Leonard, P. J. T., Litvinov, P., Redemann, J., Shinozuka, Y., de Leeuw,
G., Kinne, S., Popp, T., Schulz, M., and Stier, P.. AEROCOM and AEROSAT AAOD and SSA study — Part 1: Evaluation and intercom-
parison of satellite measurements, Atmospheric Chemistry and Physics, 21, 6895-6917, https://doi.org/10.5194/acp-21-6895-2021, 2021.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and physics: from air pollution to climate change, John Wiley & Sons, 2016.

Seposo, X., Ueda, K., Park, S. S., Sudo, K., Takemura, T., and Nakajima, T.: Effect of global atmospheric aerosol emission change on
PM3 5-related health impacts, Global Health Action, 12, 1664 130, https://doi.org/10.1080/16549716.2019.1664130, 2019.

Shindell, D. T., Faluvegi, G., and Bell, N.: Preindustrial-to-present-day radiative forcing by tropospheric ozone from improved simulations
with the GISS chemistry-climate GCM, Atmospheric Chemistry and Physics, 3, 1675-1702, https://doi.org/10.5194/acp-3-1675-2003,
2003.

Shindell, D. T., Faluvegi, G., Unger, N., Aguilar, E., Schmidt, G. A., Koch, D. M., Bauer, S. E., and Miller, R. L.: Simulations of preindustrial,
present-day, and 2100 conditions in the NASA GISS composition and climate model G-PUCCINI, Atmospheric Chemistry and Physics,
6, 4427-4459, https://doi.org/10.5194/acp-6-4427-2006, 2006.

Tanré, D., Bréon, F. M., Deuzé, J. L., Dubovik, O., Ducos, F., Francois, P., Goloub, P., Herman, M., Lifermann, A., and Waquet, F.: Remote
sensing of aerosols by using polarized, directional and spectral measurements within the A-Train: the PARASOL mission, Atmospheric
Measurement Techniques, 4, 1383-1395, https://doi.org/10.5194/amt-4-1383-2011, 2011.

Torres, O., Bhartia, P. K., Herman, J. R., Sinyuk, A., Ginoux, P., and Holben, B.: A Long-Term Record of Aerosol Optical Depth
from TOMS Observations and Comparison to AERONET Measurements, Journal of the Atmospheric Sciences, 59, 398413,
https://doi.org/10.1175/1520-0469(2002)059<0398:altroa>2.0.co;2, 2002.

Torres, O., Tanskanen, A., Veihelmann, B., Ahn, C., Braak, R., Bhartia, P. K., Veefkind, P., and Levelt, P.. Aerosols and surface
UV products from Ozone Monitoring Instrument observations: An overview, Journal of Geophysical Research: Atmospheres, 112,
https://doi.org/10.1029/2007jd008809, 2007.

van Amerongen, A., Rietjens, J., Campo, J., Dogan, E., Dingjan, J., Nalla, R., Caron, J., and Hasekamp, O.: SPEXone: a compact multi-angle
polarimeter, in: International Conference on Space Optics — ICSO 2018, edited by Karafolas, N., Sodnik, Z., and Cugny, B., p. 20, SPIE,
https://doi.org/10.1117/12.2535940, 2019.

van der Werf, G. R., Randerson, J. T., van Wees, D., Chen, Y., Giglio, L., Hall, J., Vernooij, R., Mu, M., Binte Shahid, S., Barsanti, K. C.,
Yokelson, R., and Morton, D. C.: Landscape fire emissions from the 5th version of the Global Fire Emissions Database (GFEDS), Scientific
Data, 12, https://doi.org/10.1038/s41597-025-06127-w, 2025.

41



875

880

885

890

https://doi.org/10.5194/egusphere-2026-5135
Preprint. Discussion started: 7 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

van Diedenhoven, B., Hasekamp, O. P., Cairns, B., Schuster, G. L., Stamnes, S., Shook, M., and Ziemba, L.: Remote sensing of aerosol water
fraction, dry size distribution and soluble fraction using multi-angle, multi-spectral polarimetry, Atmospheric Measurement Techniques,
15, 7411-7434, https://doi.org/10.5194/amt-15-7411-2022, 2022.

Virtanen, A., Joutsensaari, J., Kokkola, H., Partridge, D. G., Blichner, S., Seland, @., Holopainen, E., Tovazzi, E., Lipponen, A., Mikkonen,
S., Leskinen, A., Hyvirinen, A.-P., Zieger, P., Krejci, R., Ekman, A. M. L., Riipinen, I., Quaas, J., and Romakkaniemi, S.: High sensitivity
of cloud formation to aerosol changes, Nature Geoscience, 18, 289-295, https://doi.org/10.1038/s41561-025-01662-y, 2025.

Wall, C. J., Storelvmo, T., Norris, J. R., and Tan, I.: Observational Constraints on Southern Ocean Cloud-Phase Feedback, Journal of Climate,
35, 5087-5102, https://doi.org/10.1175/jcli-d-21-0812.1, 2022.

Werdell, P. J., Franz, B. A., Poulin, C., Allen, J., Cairns, B., Caplan, S., Cetinié, I, Craig, S., Gao, M., Hasekamp, O. P., Ibrahim, A.,
Knobelspiesse, K. D., Mannino, A., Martins, J. V., McKinna, L. 1., Meister, G., Patt, F. S., Proctor, C., Rajapakshe, C., Soto Ramos, 1.,
Rietjens, J. H. H., Sayer, A., and Sirk, E.: Life after launch: a snapshot of the first six months of NASA’s plankton, aerosol, cloud, ocean
ecosystem (PACE) mission, in: Sensors, Systems, and Next-Generation Satellites XX VIII, edited by Kimura, T., Babu, S. R., and Héliere,
A., p. 14, SPIE, https://doi.org/10.1117/12.3033830, 2024.

Winker, D., Vaughan, M., and Hunt, B.: The CALIPSO mission and initial results from CALIOP, in: Lidar Remote Sensing for En-
vironmental Monitoring VII, edited by Singh, U. N., Itabe, T., and Rao, D. N., vol. 6409, p. 640902, SPIE, ISSN 0277-786X,
https://doi.org/10.1117/12.698003, 2006.

Wu, C., Lin, Z., and Liu, X.: The global dust cycle and uncertainty in CMIPS (Coupled Model Intercomparison Project phase 5) models,
Atmospheric Chemistry and Physics, 20, 10401-10 425, https://doi.org/10.5194/acp-20-10401-2020, 2020.

Zhai, P-W., Gao, M., Franz, B. A., Werdell, P. J, Ibrahim, A., Hu, Y., and Chowdhary, J.: A Radiative Transfer Simulator for PACE: Theory
and Applications, Frontiers in Remote Sensing, 3, https://doi.org/10.3389/frsen.2022.840188, 2022.

Zieger, P., Viisidnen, O., Corbin, J. C., Partridge, D. G., Bastelberger, S., Mousavi-Fard, M., Rosati, B., Gysel, M., Krieger, U. K., Leck, C.,
Nenes, A., Riipinen, I, Virtanen, A., and Salter, M. E.: Revising the hygroscopicity of inorganic sea salt particles, Nature Communications,

8, https://doi.org/10.1038/ncomms 15883, 2017.

42



