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Abstract

Super-coarse dust particles (diameters > 10 um) are evidenced to be more abundant in the atmosphere than model estimates and

contribute significantly to the dust climate impacts. Since super-coarse dust accounts for less dust extinction in the visible-to-

near-infrared (VIS-NIR) than in the thermal infrared (TIR) spectral regime, they are suspected to be underestimated by remote

sensing instruments operates only in VIS-NIR, including Aerosol Robotic Networks (AERONET), a widely used dataset for

dust model validation. In this study, we perform a radiative closure assessment using the AERONET-retrieved size distribution

in comparison with the collocated Atmospheric Infrared Sounder (AIRS) TIR observations with comprehensive uncertainty

analysis. The consistently warm bias in the comparisons suggests a potential underestimation of super-coarse dust in the
AERONET retrievals due to the limited VIS-NIR sensitivity. An extra super-coarse mode included in the AERONET-retrieved

size distribution helps improve the TIR closure without deteriorating the retrieval accuracy in the VIS-NIR.
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Key Points:

e AERONET dust retrievals are assessed by the thermal infrared (TIR) radiative closure
study in comparison with the collocated AIRS observations.

e The systematic warm bias in the TIR radiative closure suggests an underestimation of
super-coarse mode dust in AERONET retrievals due to limited sensitivity.

e Adding extra super-coarse mode dust to the AERONET-retrieved size distribution
improves the TIR closure without deteriorating its inherent retrieval accuracy.
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Abstract

Super-coarse dust particles (diameters > 10 um) are evidenced to be more abundant in the
atmosphere than model estimates and contribute significantly to the dust climate impacts. Since
super-coarse dust accounts for less dust extinction in the visible-to-near-infrared (VIS-NIR) than
in the thermal infrared (TIR) spectral regime, they are suspected to be underestimated by remote
sensing instruments operates only in VIS-NIR, including Aerosol Robotic Networks (AERONET),
a widely used dataset for dust model validation. In this study, we perform a radiative closure
assessment using the AERONET-retrieved size distribution in comparison with the collocated
Atmospheric Infrared Sounder (AIRS) TIR observations with comprehensive uncertainty analysis.
The consistently warm bias in the comparisons suggests a potential underestimation of super-
coarse dust in the AERONET retrievals due to the limited VIS-NIR sensitivity. An extra super-
coarse mode included in the AERONET-retrieved size distribution helps improve the TIR closure

without deteriorating the retrieval accuracy in the VIS-NIR.

Plain Language Summary

Dust particles suspended in the atmosphere span a wide size range (0.001-100 um). Notably, super-
coarse dust particles (diameter > 10 um) have been observed to be more abundant than what
climate models suggest. Theoretically, these super-coarse particles present little radiative
signatures in visible to near-infrared (VIS-NIR) but significantly affect the thermal infrared (TIR)
radiation. This study addresses the question of whether remote sensing techniques operating in the
VIS-NIR can capture these dust particles. We use side-by-side observations associated with a dust
plume in both VIS-NIR and TIR to assess whether the dust properties, including the size
distribution, inferred by VIS-NIR observations can generate well-matched radiative signatures
with TIR observations. We found that the simulated outgoing radiation at the top of the atmosphere
in TIR using the VIS-NIR-inferred dust properties is greater than the observations because of not
enough dust extinction, potentially led by the absence of super-coarse dust. By introducing an extra
super-coarse mode in the size distribution, we found a better match with the TIR observation, while
the dust optical properties retrieved in VIS-NIR can be mostly conserved. Our result demonstrates

the importance of combining VIS-NIR and TIR observations to retrieve the dust size distribution.
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1 Introduction

As the most abundant type of atmospheric aerosol in terms of dry mass, mineral dust (referred to
as “dust” hereafter) emitted from arid and semi-arid regions is transported by atmospheric winds
from local to inter-continental scales, exerting far-reaching impacts on the Earth system (Choobari
et al. 2014; Ginoux et al. 2012; Goudie 1983; Kinne et al. 2006; Tegen and Fung 1994). Dust
particles vary widely in size (particle diameter (Dp) from 0.001 - 100 um), typically showing a
bimodal volume particle size distribution (PSD) with a fine (Dp < 1 um) and a dominant coarse
(Dp > 1 um) mode (Mahowald et al. 2014). In-situ measurements from recent field campaigns
observed prevailing super-coarse dust particles (Dp > 10 um) across the Saharan-to-Atlantic region
(Ryder et al. 2013; Ryder et al. 2018; van der Does et al. 2016; Weinzierl et al. 2017; Weinzierl et
al. 2011), which are often absent in climate model simulations (Adebiyi et al. 2023; Kok et al.
2017). On one hand, this contrast suggests that the mechanisms for emitting and transporting these
super-coarse dust particles are missed in model simulations. On the other hand, the limited
sampling volume raises concerns about the representativeness of in-situ measurements. In this
regard, globally distributed ground-based remote sensing measurements, such as Aerosol Robotic
Networks (AERONET (Dubovik et al. 2000; Holben et al. 1998)), can retrieve continuous long-
term dust properties to achieve reliable statistics. However, AERONET operates in VIS-NIR
spectra, where super-coarse dust particles account only for a small fraction of the total extinction
within the broad size range (Ryder et al. 2019). Previous studies also suggested limited sensitivities
of AERONET AOD measurements in VIS-NIR to coarse mode aerosol properties (Torres et al.
2017; Torres and Fuertes 2021). This leads to an important question: Are the VIS-NIR-based

remote sensing measurements sensitive enough to capture the super-coarse dust in their retrievals?

Numerous studies have compared in-situ measurements with AERONET observations, but
interpreting these results is challenging due to inherent differences in sampling and uncertainty
sources between the two types of measurements (McConnell et al. 2008; Muller et al. 2012; Ryder
et al. 2015; Toledano et al. 2019). For example, in-situ measurements sample full-size-range dust
PSD at a specific range of altitudes within a relatively small volume, with multiple sources of
uncertainty from various instruments targeting different size ranges (Reid et al. 2003). Differently,
AERONET retrieves column-integrated PSD based on dust’s spectral radiative signature at

multiple VIS-NIR channels, with uncertainties tied to the observed sky radiances and aerosol
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optical depth (AOD) measurements, alongside the simultaneously retrieved complex refractive

index (CRI) and non-spherical (spheroid) assumptions (Dubovik et al. 2006).

Recent studies suggest that combining VIS-NIR and thermal infrared (TIR) observations provides
a unique way to evaluate the full range of dust PSD as TIR observations are chiefly sensitive to
coarse and super-coarse modes of dust compared to VIS-NIR observations (Pierangelo et al. 2005;
Zheng et al. 2023). For example, Zheng et al. (2022) combined satellite observations from VIS
lidar and TIR spectrometer to synergistically retrieve VIS and TIR dust optical depth (DOD). They
found that the TIR DOD extrapolated by VIS DOD using the climatological AERONET PSD over
Cape Verde (a dust-dominated site) is systematically lower than the satellite-retrieved TIR DOD,
implying a lack of coarse particles in the applied PSD. Song et al. (2018) showed that using the
in-situ measured dust PSD, coarser than that of AERONET, yielded a better agreement with

observation-based dust longwave direct radiative effect.

Driven by these studies, we present here a radiative closure case study on whether using the
AERONET retrieved dust PSD based on VIS-NIR observation can simulate the TIR brightness
temperature (BT) in the 8-13 um window region that matches the observations from the collocated
Atmospheric Infrared Sounder (AIRS). We hypothesize that the limited sensitivity to super-coarse
particles in AERONET VIS-NIR observations may result in the absence of super-coarse mode
dust in the AERONET-retrieved PSD, potentially causing a warm bias in simulated BT compared
to AIRS observations. The rest of the paper is organized as follows: the data, radiative transfer
models and scattering calculation are introduced in Section 2. The radiative closure
implementation and results are presented in Section 3. Discussion and conclusions are drawn in

Section 4.

2 Data and model
2.1 AERONET and AIRS Observations

AERONET provides column-integrated AOD measurements through sun photometers (Holben et
al. 1998), which is often considered “ground truth” for validations of satellite AOD products
(Schuster et al. 2012; Zhou et al. 2020). Additionally, it retrieves aerosol microphysical properties,
including PSD and CRI at four VIS-NIR channels (i.e., 440, 675, 870 and 1020 nm), distributed
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as Inversion products (Dubovik et al. 2006; Dubovik et al. 2000). The latest released Version 3
(V3) Level 2 (L2) data, which is used in this study, includes improved cloud screening, quality
assurance and reduced uncertainties within minimal uncertainty levels (Giles et al. 2019; Sinyuk
et al. 2020). In this study, we use AERONET retrievals for a dust case observed at the Santa Cruz
Tenerife (SCT) site (28.473°N, 16.247°W) on June 19, 2022 (see Figure 1 in Section 3).

Because the current AERONET has no TIR observations, we instead perform the radiative closure
via the comparison with the TIR BT at the top of the atmosphere (TOA) observed by AIRS onboard
NASA's Agua satellite. In this study, we use the L1C AIRS data that has the measured global
hyperspectral infrared radiances across 2645 channels spanning 3.7-15.4 pum at a spectral
resolution of /AL ~1200 with noise equivalent delta temperature (NEDT) within 0.5 K at 250 K
scenes in the TIR window region (i.e., 8-13 um) (Aumann et al. 2003). In particular, we select five
AIRS L1C channels (i.e., 822.743, 843.913, 899.965, 965.43 and 1129.574 cm™) principally
sensitive to dust extinction while minimizing atmospheric gaseous absorption effects (e.g., water
vapor and carbon dioxide) at 8-13 pum, to assess the TIR radiative closure (DeSouza-Machado et
al. 2010; Peyridieu et al. 2010). Moreover, we leverage the dust score from the AIRS L2 product
for identifying dust-affected observations around AERONET at SCT (DeSouza-Machado et al.,
2010). However, TIR radiative transfer simulation over the land surface of the SCT island faces
large uncertainty due to complex land surface properties (e.g., spatial heterogeneity and
complicated spectral emissivity). For this reason, we select the AIRS pixels over the ocean surface

close to SCT (see Figure 1a) for our TIR radiative closure study.

2.2 Dust vertical distributions and TIR refractive index

In addition to AOD and PSD, dust vertical distribution and the TIR CRI critically influence TIR
radiative signature, necessitating robust constraints (Capelle et al. 2014; DeSouza-Machado et al.
2006). The lidar observation is so far considered the most accurate way to obtain aerosol vertical
structures. The NASA Micro-Pulse Lidar Network (MPLNET) is a global federated network of
lidars collocated with AERONET sites (Welton et al., 2001; Welton et al., 2018) that provides
retrievals of aerosol backscatter, extinction, depolarization ratio (DPR) profiles and the column-

averaged lidar ratio, using the collocated AERONET AOD as a constraint in the Fernald solution
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(Welton et al. 2000; Welton et al. 2018). This study utilizes the latest MPLNET V3 Level-1.5
(L15) quality-assured aerosol attenuated backscatter coefficients and DPR profiles at SCT for the

dust case.

Because AERONET-retrieved dust properties inherently achieve radiative closure with observed
sky radiances in VIS-NIR, this study focuses on TIR closure, requiring extensions of AERONET
optical properties via specifications of TIR CRI. Thus, we utilize a database that contains 19 dust
longwave CRIs derived from natural aerosol samples from eight major source regions globally (Di
Biagio et al. 2017) (referred to as “Di-Biagio Database™). Firstly, the Di-Biagio Database
facilitates assumptions of regionally representative CRIs by tracing back the dust plume’s transport
paths. In addition, the CRI uncertainty can be approximated by incorporating all potential CRIs in

the TIR closure assessments.

2.3 Surface properties and atmospheric profiles

A faithful radiative transfer simulation of TIR BT at TOA requires accurate estimates of surface
and atmospheric thermodynamic properties. For better temporal matching with AIRS observations,
we use the collocated AIRS-retrieved atmospheric profiles (i.e., temperature, water vapor and
ozone)—from the L2 Community Long-term Infrared Microwave Combined Atmospheric
Processing System (CLIMCAPS) with the associated retrieval errors. The cloud-clearing process
of CLIMCAPS guarantees the quality of atmospheric sounding (indicated by QC flags in the L2
product) to be free from cloud and dense aerosol interference, including dust-laden scenes (Smith
and Barnet 2023). To account for temporal variability of the atmospheric state in our simulations,
we use the 0.5° x 0.625° gridded 3-hourly instantaneous profiles from MERRA-2 and the twice-
daily (00:00 and 12:00 UTC) radiosondes at SCT, which are part of the Integral Global Radiosonde
Archive (IGPA) version 2.2 (Durre et al. 2018).

Note that The CLIMCAPS surface temperature retrieval is a separate step from the atmospheric
retrieval and can be negatively impacted by cloud and aerosol contaminations. Therefore, we
instead acquired the 0.01° latitude x 0.01° longitude gridded daily foundation SST from the Group
of High Resolution Sea Surface Temperature (GHRSST) Multiscale Ultrahigh Resolution (MUR)
Level 4 (L4) product (Chin et al. (2017). The high-spatial resolution of GHRSST enables an
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accurate collocation with the AIRS footprints, but it does not account for SST diurnal variation.
Although the effect is small for tropical oceans, we nevertheless account for the diurnal variability
of SST by collocating the hourly surface skin temperature from the 0.5° x 0.625° gridded data of
the Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA-2;
details in Gelaro et al. (2017)) and the 0.5° x 0.5° gridded data of the fifth-generation European
Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global
climate (ERAS5; details in Hirahara et al. (2016)). For the TIR sea surface emissivity (SSE) we
adopt the model developed by Masuda et al. (1988) specified to the AIRS viewing angles.

2.4 Scattering calculations and radiative transfer model simulations

Because dust particles are non-spherical (Saito et al. 2021; Yang et al. 2007), AERONET
retrievals used a spheroidal model as a computationally sufficient first-order surrogate of dust
particle behavior in light-scattering computation (Dubovik et al. 2006). Therefore, the scattering
properties of spheroidal dust particles are needed in this study to compare VIS-NIR results with
AERONET and simulate TIR BT. Here, we use the invariant-imbedding T-matrix (I1'TM) method
(Bi et al. 2013; Johnson 1988) to calculate the single-particle extinction efficiency (Q.,;) and
cross-section (o), single scattering albedo (SSA) and asymmetry factor (g-factor) of spheroidal
dust with various aspect ratios based on inputs of dust CRI. Afterward, we calculate the bulk
properties by integrating the single-scattering properties of individual particles with the given dust

PSD and the size-independent aspect ratio distribution from Dubovik et al. (2006).

To simulate hyperspectral TIR BTs that are comparable with AIRS, we apply the line-by-line
radiative transfer model (LBLRTM (Clough et al. 1992; Clough et al. 2005)) for precise
calculations of atmospheric gaseous absorptions (e.g., water vapor handled by the MT_CKD
continuum model (Mlawer et al. 2012)) in TIR. We then couple LBLRTM-computed gaseous
optical depths with dust bulk optical properties, serving as inputs for the discrete ordinate method
radiative transfer (DISORT; (Stamnes et al. 1988) model to ultimately calculate TIR BTs at TOA
account for dust. The combined LBLRTM-DISORT model (referred to as LBLDIS) has been

widely applied for accurate aerosol and cloud radiative transfer in TIR (Turner 2005; Wang et al.
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2013). Note that the LBLDIS-simulated monochromatic BTs are convolved to AIRS channels for

further comparisons (Gaiser et al. 2003).

3 Examination of AERONET coarse-mode size distribution through a case study at Santa
Cruz Tenerife on June 19, 2022

In this section, we present the implementation of the TIR radiative closure based on the AERONET
VIS-NIR dust properties through a case study at AERONET SCT site on June 19, 2022 (the black
star indicated in Figure 1a), which observed a dust plume (evidenced by MPLNET and AIRS; see
Section 3.2) originated from North Africa indicated by the back trajectories of the NOAA Hybrid
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) (Stein et al. 2015). The

AERONET-retrieved aerosol properties in this case are, thus, considered as dust properties.

Atmospheric profiles and MPLNET-derived dust extinction profile
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Figure 1 The dust case on June 19, 2022. (a) The selected AIRS pixels (blue dots) within 100 km (black dashed circle)
of the AERONET SCT site (black star), with dust scores (color-filled contour pixels) > 380 and without contamination
by clouds indicated by MODIS cloud masks (grey masks). (b) Profiles of the mean atmospheric temperature (red solid
curve) and water vapor mixing ratio (blue solid curve) from IGPA radiosondes at SCT, CLIMCAPS retrievals with
retrieval errors and AIRS-collocated MERRA-2 diurnal profiles (red and blue shadow areas). The estimated dust
vertical distributions from the MPLNET V3 L15 aerosol product at 10:36 UTC (green solid curve), 18:58 UTC (green
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dashed curve), and the corresponding mean profile (green dashed dot curve). (c) The MPLNET V3 L1 normalized
relative backscatter at 532 nm from 06:00 to 24:00 UTC. The black solid, red dashed and pink dash-dotted lines
indicate the observation times of the two MPLNET dust profiles, AIRS pixels and the AERONET PSD retrieval,
respectively. The white dotted curve represents the time series of AERONET V3 L2 AOD at 440 nm. (d) AERONET
V3 L2 Inversion dust PSD (blue curve) and the adjusted dust PSD (red curve) with a super-coarse mode referenced

by the Fennec-SAL in-situ vertically averaged PSD (black curve for the right y-axis).

3.1 Sanity check of radiative closure in VIS-NIR

In the first step of the radiative closure procedure, we collect the dust volume PSD (blue curve in
Figure 1d) and optical properties, including spectral AODs, CRI, SSA and phase functions (green
curves in Figures 2a-2c), from AERONET Inversions at SCT at 08:38:43 UTC on June 19, 2022.
These data are used to assess the use of the IITM scattering calculations in the present analysis. In
particular, the VIS-NIR I1'TM-calculated bulk dust properties (blue curves in Figures 2a-2c) are
compared with those from the original AERONET algorithm. We found that the 1ITM-calculated
dust properties agree with that from AERONET with differences mostly within their inherent
uncertainty range, which are 0.01 for AOD (Eck et al. 1999), 0.03 for SSA (Sinyuk et al. 2020)
and 5% residual of the phase functions at 440 nm (Dubovik et al. 2002) for scattering angles
between 3° and 150° (the range for retrieval of non-spherical properties (Dubovik et al. 2006).
Similar agreements of phase functions at the other three wavelengths (Figure S2) are found. The
results demonstrate the capability of the IITM code to reproduce the AERONET retrievals, which
is a prerequisite for subsequent TIR radiative closure in Section 3.2. The residuals in ITM-
calculated dust properties may stem from inherent differences between the 11'TM code and official

scattering calculations in the AERONET V3 Inversion products.
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Figure 2: Dust spectral AOD normalized to 440 nm (a), SSA (b), phase functions (left y-axis in ¢) and residuals (grey
and black curves for the right y-axis in c) at 440 nm from AERONET V3 L2 Inversions (a-c, green) and [ITM
calculations based on the AERONET V3 L2 PSD (a-c, blue) and the adjusted dust PSD (a-c, red). The black curve (d)
The mean spectral BTDs (AIRS BT — LBLDIS BT; real curves with respect to the left y-axis) from 770 to 1130 cm™
simulated using extrapolated TIR AODs (dash curves with respect to the right y-axis) based on AERONET PSD (blue)
and the adjusted PSD (red), and other reference inputs indicated in Section 3.1. The grey mask represents the ozone
absorption spectral regime. (e) The violin and box plots of the distribution of BTDs at the five selected AIRS channels
based on AERONET PSD (blue violins, white box) and the adjusted PSD (red violins, grey box). The box boundaries
and whiskers represent the 25" and 75" percentiles, and the minimum and maximum of BTDs, respectively. The ¥, p
and o represent the bias, mean and standard deviation. The brown curves represent the normalized PMF with pu=0 and
the same o as BTD distributions. The black dashed lines represent the range of AIRS NEDTSs at the five channels that
are listed as black texts.

3.2 Radiative closure in TIR based on AERONET-retrieved dust PSD

In the second step, we examine the TIR radiative closure by comparing the forward-simulated
hyperspectral BT using the AERONET V3 L2 AOD and Inversion products with the collocated

10
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AIRS BT. To this end, we first collocated AIRS cloud-free dust-laden pixels with AERONET. As
shown in Figure 1a, the Aqua MODIS 1-km cloud mask (MYDO6; (Platnick et al. 2017)) is used
to exclude the AIRS 13.5-km pixels that are contaminated by sub-pixel clouds (grey masks). The
cloud-free pixels with AIRS dust score greater than 380 are further identified as confident dust-
laden pixels (DeSouza-Machado et al. 2010). Afterward, six of the AIRS cloud-free dust-laden
pixels within 100 km from SCT are selected (blue dots in Figure 1a). The spectral TIR BTs from
these pixels are then used as the benchmark to compare with the LBLDIS simulations based on
the necessary inputs, which are TIR dust bulk optical properties, vertical distributions, and ambient

atmospheric and surface characteristics.

For dust TIR optical properties, we use the I1TM to compute TIR bulk Q.,;, SSA and g-factor with
dust TIR CRIs and the same AERONET dust PSD (blue curve in Figure 2a) and spheroidal aspect
ratios. Here, dust TIR CRI is determined based on the source regions estimated by the HYSPLIT
model-ensemble back trajectories (Figure S3) initialized at the central heights of two MPLNET
observed dust layers (green curves in Figure 1b) over SCT, respectively. As shown in Figure S3,
the two groups of back trajectories indicate mixed provenance of Sahara and Sahel of the observed
dust plume. Thus, we further use all eight CRIs over Sahara and Sahel from the Di-Biagio Database
as the a priori TIR CRiIs for the dust optical properties calculation. We extrapolate the temporally-
matched AERONET AOD at 440 nm (AODua40nm) from the directly measured AERONET AOD
product at 14:52 UTC (white dotted curve in Figure 1c) to TIR spectrum based on the Q,,; ratio
between VIS and TIR as AOD; = AOD40nm * Qext/ Qext,aa0nm» Where & is the wavelength of
8-13 um. In the next step, we need the dust vertical distribution to scale AOD; vertically into layer

extinction coefficients in LBLDIS.

The dust vertical distribution is specified using the collocated MPLNET L15 aerosol backscatter
and DPR profile retrievals using the method from Yu et al. (2015) (details in Supporting
Materials). Although the MPLNET L1 relative backscatter profiles are available for most time of
the day (background color contour in Figure 1c), only two L15 aerosol profile retrievals are
available at 10:36 and 18:58 UTC (black solid lines), respectively, which have spatiotemporal
offsets with respect to the 100-km range AIRS observations (14:45 UTC; red dashed line) and
AERONET PSD (08:38 UTC, pink dash-dotted line). However, it is reasonable to assume a limited
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variation of dust PSD within several hours for a dust plume with the age of two days estimated by
HYSPLIT models (Figure S3b) (Ryder et al. 2019). Moreover, the dust plume height at 14:45 UTC
indicated by the time series of the L1 backscatter profile is in between the two L15 backscatter
profiles. Accordingly, we use the averaged profile from the two L15 dust profiles as a proxy for
dust vertical distribution at the AIRS observation time and consider the difference among the three
profiles as the uncertainty due to the spatiotemporal variations of dust vertical distributions at the

selected AIRS pixels.

For the atmospheric profiles, as introduced in Section 2.3, we obtained two timely matched
collocated CLIAMCAPS atmospheric profiles with the best QC flag, two 12-hourly radiosondes
at over SCT, and eight collocated 3-hourly MERRA-2 profiles on June 19, 2022, as shown in
Figure 1b. The associated variations and errors among these profiles (shadow areas in Figure 1b)
are used to represent the corresponding uncertainties. The SST is represented by the averaged
value (294.5 K) from the AIRS-collocated grids of GHRSST, hourly MERRA-2 and ERAS at
15:00 UTC (see Figure S1) with uncertainty characterized by the 0.358 K standard deviation
among the grid cells. In addition, as the diurnal variability of the skin temperature from MERRA-
2 and ERAGS is up to 0.6 K (Figures S1d and Sle), we assumed a 1 K error to account for the
temporal mismatch between SST datasets and AIRS observations. Finally, we calculated the mean
TIR SSE at the viewing angles of six selected AIRS pixels based on Masuda et al. (1988) and
assigned an estimated error of 0.004 according to previous in-situ measurements (Konda et al.
1994; Niclos et al. 2005).

In summary, we have three vertical dust profiles, sixteen atmospheric profiles (six from two
CLIMCAPS = retrieval errors; two from 12-hourly radiosondes, eight from 3-hourly MERRA-2),
eight groups of dust TIR bulk properties, five SSTs (SST + 0.358 K and =+ 1 K) and three spectral
SSEs (SSE + 0.004), as the inputs for the LBLDIS simulation. Consequently, we implement 5,760
LBLDIS simulations of TIR spectral BTs at TOA to compare with each of the six AIRS pixels. In
total, we have 34,560 BT differences (BTDs) between AIRS BTs and LBLDIS-simulated BTs to
quantify the radiative closure in TIR. Specifically, the variation of the BTDs represents the overall

uncertainty due to the variations of input datasets other than dust PSD, including dust TIR CRl,
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vertical profiles, surface, and atmospheric thermodynamic states. It may not be an exhaustive list

while it should cover the most important sources of uncertainties.

As shown in Figure 2d, the mean spectral BTDs (AIRS BT — LBLDIS BT) in 770-1130 cm™* (8.8-
13 um) averaged by the 34,560 BTDs with uncertainties represented by the standard deviation (o)
of the BTDs. With the AERONET PSD and VIS-NIR CRIs, the simulated BTs are systematically
warmer than AIRS BTs, leading to negative BTDs (blue solid curve in Figure 2d). The warm bias
exhibits V-shaped spectral behavior, likely due to the underestimated dust extinction (Clarisse et
al. 2019; DeSouza-Machado et al. 2010; Pierangelo et al. 2004). Notably, the upper limit of BTD
o for the blue curve in the dust-sensitive spectrum (850-990 cm) remains above 0.5 K, which

indicates a likelihood that dust microphysical properties are suspectable in the simulation.

To statistically analyze the TIR radiative closure, we present the BTD distributions as violin and
box plots (blue violins and white boxes in Figure 2e) at five dust-sensitive AIRS channels (see
Section 2.1). The white boxes in Figure 2e at the five channels indicate over 75% of negative
BTDs. It means that over 75% of the simulated BTs based on AERONET inputs are warmer than
AIRS BTs. We further define a systematic bias index y as y = (1 — Pgrp/Pzgro) X 100%,
where Pgrp, is the probability of the BTD samples to fall within the range of 0 + AIRS NEDT
according to the probability mass function (PMF); P,zro is the corresponding probability if the
BTD PMF were shifted with the mean to zero and the o kept same. As such, if Pgrp = Pzgro, the
x = 0, which means the simulated BTs have no systematic bias but only random uncertainties. A
Pgrp = 0 means that none of the simulated BT is able to match the corresponding AIRS BT,

leading to y = 100% (Details in Supporting Materials).

The blue violins show y from 41.7% (1129.574 cm™) to 90.2% (899.965 cm™*) among the five
channels, indicating a consistent warm bias in the simulated BTs compared with AIRS BT. In
particular, the y can reach 90% for the channel at 899.965 cm™ that has the higher dust extinction
represented by the spectral AOD (dashed curves in Figure 2d), suggesting that the current set of
AERONET retrievals of dust has a limited capacity to close the TIR. One possible reason is that
the dust optical properties in TIR, in particular AOD (blue dashed curve in Figure 2d) extrapolated
based on the AERONET-retrieved dust properties, have too little “effective absorption” (i.e.,
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absorption + backward scattering (Garnier et al. 2012; Pavolonis et al. 2013)) to reduce outgoing
radiance with BT as cold as AIRS-observed BT at TOA (Osborne et al. 2011). This opens us to
the possibility that the AERONET-retrieved coarse-mode PSD is too fine to have enough
extinction in TIR, which will be tested in the next section.

3.3 Radiative closure in VIS-NIR and TIR based on the adjusted dust PSD with a super-
coarse mode

Based on the above results, we hypothesize that adding an extra super-coarse mode to the
AERONET retrieved dust PSD (Figure 1d) would improve the TIR radiative closure while having
limited impacts on the VIS-NIR closure. To test this assumption, in this section, we revisit the
VIS-NIR radiative closure by adjusting the AERONET coarse-mode PSD with all other variables
fixed.

Specifically, we introduce a super-coarse mode to the AERONET retrieved PSD (blue curve in
Figure 1d) based on the third lognormal mode of the log-fitted in-situ measured Fennec Saharan
Air Layer (SAL) dust PSD (black curve in Figure 1d; details in Ryder et al. (2019)). The rationale
is that Fennec-SAL PSD was also measured over areas of Canary Islands with similar source
regions from North Africa, indicating the possibility of our case to contain such super-coarse mode
particles. The new PSD (red curve in Figure 1d) is normalized to have the same total dust surface
area as the AERONET-retrieved PSD to keep the total projected area conserved. As such, if the
two PSDs have similar Q,,, so do their corresponding AODs because AOD is the product of Q,,;

and total projected area.

As shown in Figure 2a, the spectral AOD corresponding to the new PSD has limited changes within
the 0.01 AERONET AOD uncertainty. Moreover, the differences in SSA are also within the
AERONET inversion uncertainty of 0.03 (red curve and green error bars in Figure 2b). In Figure
2c, although more super-coarse particles substantially increase bulk forward scattering,
represented by the enhanced near-forward (< 3°) phase functions (black curves in Figure 2c and
S2), changes from 3°-150° are mostly within the acceptable 5% residuals indicated in AERONET
Inversions (Dubovik et al. 2002). All together, these results suggest that introducing an extra super-
coarse mode has negligible impact on the AERONET-retrieved dust properties in VIS-NIR. From
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a different perspective, it also means that the current AERONET retrieval algorithms have little

sensitivity to super-coarse mode dust.

Using the adjusted, coarser PSD, we revisit the TIR radiative closure with other variables fixed as
in Figures 2d and 2e in Section 3.2. The simulated BT better match with AIRS this time as the
BTDs shifts up ~ 1 K for channels with wavelength greater than 10 um, approaching zero
differences (red solid curve in Figure 2d). The y indices of the BTD distributions at the five AIRS
channels using the adjusted PSD (red violins and grey boxes in Figure 2e) are significantly
reduced, for instance, from 59.6% to 3.5% at 843.913 cm™* (11.85 um) and from 90.2% to 33.4%
at 899.965 cm™ (11.11 um), compared to that using the AERONET PSD. The increased BTDs
mainly result from a large increase of the extrapolated TIR DOD, by almost a factor of 3, due to
the greater volume of super-coarse particles (red dashed curve in Figure 3a), as extinction grows
significantly with coarse mode size at TIR wavelengths (Pierangelo et al. 2005; Ryder et al. 2019;
Zheng et al. 2023). Note that there is still a large bias remaining at the channel of 1129.574 cm-!
(8.85 um) where dust TIR CRI has a large variability (Di Biagio et al. 2017). Nonetheless,
compared with the result based on AERONET-retrieved dust PSD in Section 3.1, it is evident that
with the coarser dust PSD, the probability of closing the bias is remarkably increased, although
achieving the closure needs an optimal combination among all of the dust properties and

thermodynamic states, which is beyond this study.

4 Discussion and Conclusions

This study performs radiative closure assessments from VIS-NIR to TIR for an AERONET-
observed Saharan dust case. We found that the simulated BT based on AERONET-retrieved PSD
is systematically warmer than the collocated AIRS observation. Theoretically, the warm bias can
be corrected by improving the combination of dust properties and thermodynamic profiles, all of
which the AIRS instrument is sensitive to. However, in this study, the DOD and dust vertical extent
were carefully constrained via the AERONET measurement and MPLNET retrieval, while the use
of collocated atmospheric profiles and SSTs from various datasets assures us that we cover the
most appropriate thermodynamic states. Therefore, this study demonstrates a new perspective that
introducing a super-coarse mode to the AERONET-retrieved PSD can help reduce warm biases in

the TIR while minimally affecting the VIS-NIR retrievals. These results support the hypothesis
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that AERONET has limited sensitivity to the super-coarse mode dust particles with Dp > 10 pm,
which are crucial in determining the radiative properties of dust in the TIR and dominate the
contributions to suspended dust mass. However, it is important to note that while these results do
not suggest any failings of the AERONET inversion method itself, they point out the potential
improvements that a synergistic use of VIS-NIR and TIR observations can provide to the retrieval

of dust properties, especially the full range of PSD.

This study has several limitations, including imperfect spatiotemporal collocations among
observational datasets. Quality-assured AERONET almucantar retrievals require solar zenith
angles (SZA) above 50°, whereas SZAs over mid-to-low latitude dust concentrated regions when
polar-orbit satellites pass over are typically lower than 30°, especially in high-dust-activity seasons
(spring and summer) (Sinyuk et al. 2020), causing time offsets between them. Furthermore, the
over-ocean requirement for the TIR radiative closure at TOA also deviates the qualified AIRS
pixels 50-100 km from the AERONET geolocation. Lastly, the studied case lacks coincident in-
situ measured dust PSDs as references for testing the closures. Hence, further attempts at radiative
closure for more cases with available collocated in-situ measurements in the future are
recommended to strengthen the results of the present work and further support its applicability.
Ultimately, including ground-based TIR instruments along with the VIS-NIR observation from
sun-photometers over the dust-dominated AERONET sites could be highly beneficial to overcome

the abovementioned limitations and improve the retrieval of dust properties.
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Data Availability Statement

The AIRS L1C data is downloaded from

470  https://airsl1.gesdisc.eosdis.nasa.gov/data/Aqua_AIRS Levell/AIRICRAD.6.7/2022/170/. The
CLIMCAPS L2 data is downloaded from
https://sounder.gesdisc.eosdis.nasa.gov/data/Aqua_Sounder Level2/SNDRAQIL2CCPCCR.2/20
22/170/. The AERONET Version 3 Level 2 AOD data is downloaded from

https://aeronet.gsfc.nasa.gov/cqi-

475  bin/webtool aod v3?stage=3&region=Atlantic&state=Tenerife Island-
Spain&site=Santa Cruz Tenerife&place code=10&if polarized=0. The AERONET Version 3

Level 2 Inversion data is downloaded from https://aeronet.qgsfc.nasa.gov/cqi-

bin/webtool inv v3?stage=3&region=Atlantic&state=Tenerife Island-
Spain&site=Santa Cruz_ Tenerife&place code=10&if polarized=0. The MPLNET L15 Aerosol
480  Data is publicly available at https://mplnet.gsfc.nasa.gov/download_tool/. The IGRA radiosonde

data is publicly available at https://www.ncei.noaa.gov/products/weather-balloon/integrated-

global-radiosonde-archive. The MERRA-2 hourly skin temperature is from the data of
“MERRAZ2_400.inst1_2d_asm_Nx.20220619.nc4” and can be downloaded from
https://disc.gsfc.nasa.gov/datasets/M2IINXASM_5.12.4/summary?keywords=instl_2d_asm_Nx

485 . The MERRA-2 3-hourly atmospheric profiles are from the data of
“MERRAZ2_400.inst3_3d_asm_Nv.20220619.nc4” and can be downloaded from
https://disc.gsfc.nasa.gov/datasets/M2ISNVASM_5.12.4/summary?keywords=inst3_3d_asm_Nv
. The GHRSST MUR L4 foundation SST is downloaded from
https://podaac.jpl.nasa.gov/dataset/MUR-JPL-L4-GLOB-v4.1. The ERAS hourly skin

490  temperature is downloaded from https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-

era5-single-levels?tab=form. The Fennec-SAL dust particle size distribution is provided by Dr.

Claire L. Ryder at University of Reading (c.l.ryder@reading.ac.uk), which is publicly available

in the Supplement in Ryder et al. (2019). The eight TIR dust complex refractive indices over
Sahara and Sahel are provided by Dr. Claudia Di Biagio at the Université Paris Cité and Univ
495  Paris Est Creteil, CNRS, LISA (cdibiagio@Ilisa.ipsl.fr), which are downloaded from

https://data.eurochamp.org/data-access/optical-properties/#/datasets/42ccf641-cc8a-4825-8304-

b852eladfef2, https://data.eurochamp.org/data-access/optical-properties/#/datasets/0808f30c-
32bc-45ac-97dd-f00745b8a913, https://data.eurochamp.org/data-access/optical-
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properties/#/datasets/24ce03c7-5870-479c-9440-805c4b4bfd04, https://data.eurochamp.org/data-
500  access/optical-properties/#/datasets/e074e64d-1c50-410b-947a-8bd5af50960b,
https://data.eurochamp.org/data-access/optical-properties/#/datasets/d065e664-8383-4433-ac18-

3e3b61133aa5, https://data.eurochamp.org/data-access/optical-properties/#/datasets/bd4a905a-
c8d4-40be-9c6e-51e359dd0c8a, https://data.eurochamp.org/data-access/optical-
properties/#/datasets/ba320347-b53b-4b36-9063-77cfa9004fh0, and

505  https://data.eurochamp.org/data-access/optical-properties/#/datasets/6890333a-89d7-4d8d-be94-
dc71f8b74108.
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1 The estimation of dust vertical distribution based on the aerosol depolarization
ratio

The dust vertical distribution is represented by the dust backscatter profiles 8;(z), which is
estimated from the collocated MPLNET V3 L15 aerosol profiles of attenuated backscatter
coefficients f(z) and depolarization ratio §(z) using the a priori dust (§;) and non-dust DPR
(8,,4) based on the following equation:

(6(2) = 6na)(1 + 64)
(1+8(2))(6a — 6na)

Ba(2) = fa(2) - B(2); where fy(z) =

84 is assumed to be ranging from 0.2 to 0.3, while 6,4 is assumed to be ranging from 0.02 to
0.07. The upper bound and lower bound of f;(z) are calculated based on the upper bound (0.3
and 0.07) and lower bound (0.2 and 0.02) of §; and §,,4. The final f;(z) are obtained from the
average of the upper bound and lower bound of f;(z). Afterward, the f;(z) is further
normalized to be the vertical distribution of dust as:

Ba(z)

o) =5 5



2 Statistical definition of the bias index to the radiative closure

We defined a bias index y as y = (1 - :Bi) x 100%; where

ZERO
NEDT
Pprp = f perp(X = x) dx
—NEDT

NEDT
Pzero = f PzEro(X = x) dx
—NEDT

perp (x) is the normalized probability mass function (PMF) with Y, pgrp(x) = 1. Itis
approximated according to the mean (W) and the standard deviation (o) of the discrete
probability mass distribution of BTDs based on AERONET PSD and the adjusted PSD. pzgro (%) is
the normalized PMF with the u of pgrp(x) shifted to zero, which is used as a proxy for the well-
matched TIR radiative closure with the estimated errors from the o of the BTD distributions.

The normalized PMF is defined as

p@ = £ /D f

where f(x) is the Gaussian distribution defined as

1 x—p
Flx) = e 205 )’

ovV2n

By integrating pzgro Spaning within the AIRS detector noise (represented by the noise
equivalent delta temperature (NEDT)), we obtain the probabilities of the LBLDIS BT to match
with AIRS BT within the AIRS observational uncertainty among the random error without bias,
which is represented by P;ggo.

Afterward, By integrating pgprp spaning within the AIRS NEDT range, we have the probabilities of
the LBLDIS BT to match with AIRS among the random error with potential bias due to the
assumed dust PSD, which is represented by Pgrp.

If Pgrp = Pzgro. the x = 0% , which means there is no bias contributed by the assumed dust
PSD. If Pgrp = 0, it means there is no probability for the LBLDIS BT to match with the AIRS BT
with the assumed dust PSD, leading to y = 100%. In this way, we can quantify how much bias
exists when using the AERONET PSD in the test of TIR radiative closure, and how much bias is
reduced if we adjust the PSD to be coarser by adding on a super-coarse mode PSD.
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Figure S1. The distribution of surface temperature represented by skin temperature from
MERRA-2 at 15:00 UTC (a), foundation sea surface temperature from GHRSST (b) and skin
temperature from ERA5 at 15:00 UTC (c) on June 19, 2022. The black stars represent the
geolocation of Santa Cruz Tenerife. The blue stars and dots represent the collocated grid cells
with the AIRS cloud-free dust pixels indicated in Figure 1a. (d) and (e) are the mean diurnal
variabilities of skin temperature from the collocated grid cells of ERA5 (d) and MERRA-2 (e) from
0:00 UTC to 24:00 UTC on June 19, 2022.
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PSD (blue) and the adjusted dust PSD (red). The AERONET PSD and adjusted dust PSD are
shown in Figure 2a in the main manuscript.
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Figure S3. The horizontal (a) and vertical (b) ensemble HYSPLIT back trajectories originated from
AERONET Santa Cruz Tenerife (black star) at 10:00 UTC (red solid curves) and 19:00 UTC (blue
solid curves). The blue, purple and brown triangles in (a) represent locations where dust CRIs
were sampled over Western and Eastern North Africa, Southern Sahara and Sahel, respectively
(Di Biagio et al., 2017).
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