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Abstract This paper presents the first part of a two-part study to develop a new algorithm to retrieve the
aerosol vertical extinction profile using the hyperspectral measurements at ultraviolet bands, O, A-band and B-
band, from the Tropospheric Monitoring Instrument (TROPOMI). We represent the aerosol vertical profile by
the weighted sum of 3-5 most important EOFs (empirical orthogonal function, i.e., eigenvectors) from the
principal component analysis (PCA) of the 15-year record of aerosol extinction profiles from spaceborne lidar
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP). Hence, the retrieval is simplified to derive 3-5
coefficients or weights of corresponding EOFs to capture the variation of aerosol vertical profiles. A new PCA
module was developed in the Unified Linearized Vector Radiative Transfer Model (UNL-VRTM) for
calculating the Jacobians of top-of-atmosphere (TOA) reflectance with respect to the weights of EOFs, which is
used to facilitate the optimal inversion of the EOF weights. The analytical Jacobian calculations are validated
against the Jacobians computed from a finite difference method. The averaging kernel analysis for directly
retrieving the aerosol extinction profiles from measurements of TROPOMI and high-resolution metagrating
spectropolarimeter for aerosol profiling was provided. Finally, the retrieval experiments with synthetic
TROPOMI measurements generated by UNL-VRTM were conducted to verify the self-consistency and
feasibility of the inversion algorithm on a theoretical basis.

Plain Language Summary The vertical distribution of aerosols regulates the aerosol impacts on the
climate, cloud formation, and surface air quality. While the remote sensing of the aerosol vertical profile from
active satellite sensors suffers from the narrow swath, the passive remote sensing provides much wider spatial
coverage with lower information content. This study develops a new algorithm to retrieve the aerosol vertical
profile from the UV and oxygen absorption bands measured by passive satellite instruments. The major vertical
variation modes of the aerosol extinction profiles are derived from the principal component analysis of 15 years
of aerosol profile measurements from the spaceborne lidar Cloud-Aerosol Lidar with Orthogonal Polarization,
serving as the prior information for the retrieval. Therefore, retrieving only a few weighting coefficients of these
major variation modes from the passive remote sensing is sufficient to reconstruct the aerosol vertical profile.
An optimal inversion method is applied for the retrieval based on the Unified Linearized Vector Radiative
Transfer Model (UNL-VRTM). The theoretical feasibility and robustness of the retrieval algorithm are verified
via the retrieval experiments with synthetic measurements of Tropospheric Monitoring Instrument generated by
UNL-VRTM.

1. Introduction

Aerosol vertical distribution plays an important role in regulating aerosol effects on climate and air quality. First,
the magnitude even the sign of the aerosol radiative effects can be regulated by the relative position of absorbing
aerosols and clouds in the vertical dimension (Ge et al., 2014; Wang & Christopher, 2006; Zarzycki &
Bond, 2010). Second, the vertical distribution of aerosols affects the thermodynamic structure of the atmosphere
by absorbing and scattering solar and terrestrial radiation, consequently regulating the cloud formation and its
lifecycle (Johnson et al., 2004; Wilcox, 2012). Third, for cloud-free conditions, the aerosol radiative effects and
feedback also depend on the aerosol vertical distribution at ultraviolet (UV), visible-near infrared (Vis-NIR),
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shortwave infrared, and thermal infrared bands due to the interactions between aerosol absorption and Rayleigh
scattering (Herman et al., 1997; Torres et al., 1998), aerosol scattering and gas absorption (Meloni et al., 2005;
Mishra et al., 2015; Zhang et al., 2013) and impacts of environmental temperature profile (Mishra et al., 2015).
Finally, the aerosol vertical distribution has significant impacts on the surface air quality by affecting the amount
of particulate matter pollution near the surface (Chen, Wang, et al., 2021; Seo et al., 2015) and regulating the
aerosol transport (Val Martin et al., 2013; Wang et al., 2006).

The daily global and operational products of total aerosol column loading from satellite measurements have been
developed over more than two decades (Hsu et al., 2004, 2013; Kaufman et al., 1997; Levy et al., 2007, 2013;
Lyapustin et al., 2018; Sawyer et al., 2020), but the operational data sets of global aerosol vertical distribution
from observational sources are very deficient despite the critical needs of such data sets. The ground or space-
borne lidars suffer from the small spatial coverage, although they can retrieve the aerosol extinction profile with
high accuracy and fine vertical resolution. For instance, the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation features a narrow
swath of ~90 m (Winker et al., 2009), covering only 0.2% of the global area during its repeat cycle of 16 days
(Kahn et al., 2008). Passive satellite sensors cannot resolve the aerosol vertical distribution layer by layer due to
the limited information contained in the passive remote sensing (Colosimo et al., 2016; Ding et al., 2016), but their
spatial coverage is much wider than the active sensors. For example, Tropospheric Monitoring Instrument
(TROPOMI) provides operational and global retrieval of the aerosol layer height (ALH) product (Nanda
et al., 2019). However, TROPOMI operational ALH is systematically lower than the counterpart of CALIOP,
which is defined as an aerosol extinction-weighted height, by ~1 km on average over ocean and more than 2 km
over land (Chen, Wang, et al., 2021; Nanda et al., 2020). Furthermore, passive remote sensing techniques at
present only retrieve a single effective ALH under the assumption that the aerosol profile follows a certain
distribution function (e.g., quasi-Gaussian and exponential-decaying function) (Chen, Wang, et al., 2021; Lu
et al., 2021, 2023; Xu et al., 2017, 2018), which may be insufficient for the cases of the multilayer structure of
aerosols (Hollstein & Filipitsch, 2014). The observational data sets of aerosol vertical profiles with full spatial and
temporal coverage are highly needed.

This research develops an algorithm to derive the aerosol vertical extinction profile from the hyperspectral
measurements in the UV-Vis-NIR spectrum, such as TROPOMI, with a technique based on principal component
analysis (PCA). It seeks to derive the aerosol extinction vertical profile instead of retrieving an effective ALH,
therefore going beyond the previous studies, which deployed techniques such as O, (or O,-O,) absorption
spectroscopy (Chimot et al., 2018; Xu et al., 2017, 2019), radiance-only or polarization measurements in UV or
deep blue bands (Joseph et al., 2008; Lee et al., 2020; Wu et al., 2016), multiangle or polarimetric measurements
in O, absorption bands (Chen, Wang, et al., 2021; Choi et al., 2021; Ding et al., 2016), infrared thermal techniques
(Peyridieu et al., 2010; Vandenbussche et al., 2013), and stereoscopic photogrammetry (Nelson et al., 2013). Our
research algorithm combines the hyperspectral measurements at UV, O,-A, and O,-B bands from TROPOMI
with the 15-year climatology of aerosol extinction profiles from CALIOP to obtain as much information as
possible. Each aerosol vertical profile is represented by a weighted sum of the 3—5 EOFs (empirical orthogonal
function, i.e., eigenvectors) from the PCA of the multiyear CALIOP data. Hence, the retrieval is simplified as
retrieving 3—5 weights of corresponding EOFs to capture the variation of aerosol profiles from space. The size of
the state vector is reasonably small but still adequate for characterizing variations of aerosol profiles because the
dominant variation features are represented by the CALIOP-based EOFs.

Section 2 introduces the radiative transfer model we used, the CALIOP data, the synthetic satellite measurements,
and the theoretical basis of this study. Section 3 provides the PCA results of the multiyear CALIOP data over
North Atlantic Ocean and the validation of the PCA module developed in the radiative transfer model. The
averaging kernel analysis of the aerosol vertical profile retrieval is presented in Section 4. Section 5 provides the
results of the retrieval experiments using the synthetic TROPOMI measurements, followed by the summary and
conclusions in Section 6.

2. Models, Data Sources, and Theoretical Basis

2.1. UNL-VRTM

The radiative transfer model, Unified Linearized Vector Radiative Transfer Model (UNL-VRTM) (Wang
et al., 2014) version 3.0.1, is used to simulate the top-of-atmosphere (TOA) radiance. A new PCA module has
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Table 1
Spectral Configuration of Synthetic TROPOMI Measurements

Spectral range [nm] Spectral interval [nm] FWHM? [nm] Surface reflectance

350-390 (UV) 0.195 0.550 0.03200
680-700 (O,-B) 0.128 0.345 0.02044
750-780 (0,-A) 0.122 0.345 0.01944

“FWHM stands for full width at half maximum.

been developed and validated in the UNL-VRTM for representing aerosol vertical profiles using first 3-5 EOFs
and calculating the Jacobians of TOA reflectance with respect to the weights of most important EOF modes for
aerosol vertical profiles (See Section 3.2). The optimal inversion module incorporated in the UNL-VRTM will be
used to do the retrieval. UNL-VRTM has been successfully used in a series of past studies for aerosol retrievals
and information content analysis (Ding et al., 2016; Hou et al., 2016, 2017, 2020) and ALH retrieval from passive
satellite sensors (Chen, Wang, et al., 2021; Xu et al., 2017, 2019).

2.2. CALIOP Data

Monthly gridded aerosol extinction profiles at 532 nm during June 2006—December 2021 over tropical North
Atlantic Ocean (60°W-0°, 0°-30°N) from CALIOP Level 3 Tropospheric Aerosol Profile product (Winker
etal., 2009, 2013) are used for extracting the first five EOFs with the PCA method. CALIOP Level 3 data feature a
horizontal resolution of 2° X 5° and vertical resolution of 60 m (Winker et al., 2013). Only daytime data from
CALIOP are used in this study because only passive satellite measurements in daytime will be used for retrieving
aerosol vertical profiles.

2.3. Synthetic TROPOMI Data

To theoretically evaluate the feasibility of the research algorithm for retrieving aerosol vertical profiles using the
PCA method, we conducted the retrieval experiments using synthetic TROPOMI measurements generated by
the UNL-VRTM. UNL-VRTM is used to emulate TROPOMI TOA reflectance measurements at UV, O,-A, and
0,-B bands, and the uncertainties in TROPOMI measurements are considered by adding white (random) noise to
the UNL-VRTM outputs. The relative random noise follows the Gaussian distribution with the mean of 0 and
standard deviation of 0.2%. The spectral configuration of the synthetic TROPOMI measurements is presented in
Table 1. The configurations of spectral interval and full width at half maximum (FWHM) for the simulation
mimic the real TROPOMI data (Babic et al., 2022). The self-closure retrieval experiments focus on the Saharan
dust profile over tropical North Atlantic Ocean. The dust aerosol model was adopted from Chen, Wang,
et al. (2021), and the aerosol optical properties including the Angstrém exponent are assumed to be vertically
invariant. Therefore, the shapes of the normalized aerosol extinction profiles are identical at different wavelengths
from UV to NIR. The surface reflectance of the open ocean water at visible and near-infrared range is adopted
from the ASTER spectral library (Baldridge et al., 2009), while at UV channels (350-390 nm) is assumed as 0.032
(Vasilkov et al., 2019). We also generated the synthetic TROPOMI measurements for the averaging kernel
analysis of smoke aerosol extinction profile retrieval over North America. The spectral configuration follows
Table 1 except that the land surface reflectances were adopted from the TROPOMI surface Lambertian-
equivalent reflectivity (LER) database (Tilstra et al., 2024). The surface reflectance spectrum was derived by
the interpolation of TROPOMI LER at 21 wavelengths from UV to NIR channels.

2.4. Synthetic HIMAP Data

The high-resolution metagrating spectropolarimeter for aerosol profiling (HiIMAP) is a spaceborne instrument
concept, whose technology demonstration unit is being built at the Jet Propulsion Laboratory using NASA Earth
Science Technology Office Instrument Incubator Program (IIP). By design, it will enable the aerosol vertical
profiling via the hyperspectral radiance and polarimetric measurements at 680-780 nm at three viewing angles
(0, £57°) along its flight path with a swath width of 800 km across its satellite ground path at a low earth orbit of
~700 km above surface. HIMAP uses a disruptive metagrating technology to enable three functionalities within
a single device: simultaneous quantification of linear polarization, spectral light dispersion, and wide swath
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imaging, providing a cost-effective solution for a space-based aerosol 3-D mapping system (Hsiao et al., 2022;
Richter et al., 2019). It features a high spectral resolving power of 4,300 and a signal-to-noise ratio of 300. The
uncertainty of the degree of linear polarization (DoLP) from HiMAP measurements is within 0.5% (Hsiao
et al., 2022). We generated the synthetic full-Stokes measurements for HIMAP using UNL-VRTM with
the spectral interval of 0.085 nm and FWHM of 0.180 nm at three viewing zenith angles (0°, £57°) at O,-A
(750-780 nm) and O,-B (680-700 nm) bands. The land surface reflectance spectrum for the synthetic HIMAP
data is also derived from the TROPOMI surface LER database (Tilstra et al., 2024) by linear interpolation with
the assumption of the Lambertian surface. The synthetic HIMAP measurements are used to conduct the aver-
aging kernel analysis and synthetic retrieval of aerosol extinction profile without the PCA technique to
demonstrate the advantage of the proposed PCA technique for retrieving the aerosol vertical profile (Section 4).

2.5. Representing Aerosol Profiles by EOFs

While the aerosol profile varies day by day, the physical processes regulating the aerosol profiles are limited,
including the boundary layer process, convection and injection process and long-range transport. Therefore, the
variation of aerosol profiles is a result of the change of relative importance of these processes. Reid et al. (2017)
shows that the EOFs from the PCA of lidar extinction profiles represent independent variation features at different
altitudes. Consequently, the weighted sum of first several EOFs can reconstruct the shape of the aerosol profile.

Pexi(2) = 79 ( D wiEi(2) + /E(@) ey
=

where f.,, is the aerosol extinction coefficient as a function of altitude z, 7, is the aerosol optical depth (AOD), E;
and w; are the ith EOF and corresponding weight, and f,,, is the mean of an ensemble of multiyear aerosol
normalized vertical extinction profiles, f y, in which each element is the CALIOP aerosol extinction profile
normalized by its AOD. The EOFs are the eigenvectors from the PCA of f3,,, v, while the weights of EOF are the

corresponding elements of so-called principal components (PCs).

2.6. Optimal Inversion and Averaging Kernel Analysis

The state vector x to be retrieved includes 3—5 weights of most important EOFs. Based on the optimal estimation
theory (Rodgers, 2000) and L-BFGS-B algorithm (Byrd et al., 1995; Xiao & Zhang, 2008), the optimal inversion
of the retrieved parameters seeks to minimize the cost function by iteratively calculating the Jacobian matrix and
adjusting the state vector estimation. The cost function J(x) in this study is defined as

73) = 5IFC) 1S, IFG) = ]+ (e = )77 (e = ) @

where F(x) is the radiative transfer model, y is the measurement vector comprising observed TOA radiances by
satellite sensors at the oxygen absorption spectrum, x, is the priori estimate for x and can be the mean of the
aerosol extinction profile from the CALIOP climatology by region and season, y is the regularization factor to
balance the fitting error versus the penalty error, and S, and S, are the covariance matrices of the measurement
error and priori error.

The critical part of the optimal inversion is calculating the Jacobian matrix K.

K= J0F(x) _ ﬂ (3)
ox ox

here, I is the forward-model computed vector of TOA radiances at different wavelengths. The Jacobian of I with
respect to the EOF weights w can be computed based on the chain rule and Equation 1.

ol ol dp,, ol
—_—= = 1'0
aw aﬁext aw aﬂext

E 4)
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where f.,, is the vector containing the aerosol extinction coefficient at each vertical layer.

The DoLP in the principal plane can be computed as Equation 5.
DoLP = —% ©)

here, Q is the Stokes vector component representing the linear polarization. The Jacobian of DoLP with respect to
the EOF weights can be derived as Equation 6.

dDoLP al 10
ar_(g ot _1a0), ©
ow IF 0P 1 0P
The Jacobian of I and Q with respect to f,,, is already implemented in the UNL-VRTM.
The averaging kernel matrix A is computed as
0x -
A= a—j = (K"S;'K + 7)) 'KTS K )

here, % is the estimate (retrieval) of the state vector. The trace of A is called the degree of freedom for signal
(DFS), which indicates the information amount that can be retrieved from the satellite measurements.

3. Development of PC-Based Module for Aerosol Vertical Profile in UNL-VRTM
3.1. PCA of CALIOP Vertical Profiles

PCA is a useful tool to analyze the independent variation modes of aerosol vertical distribution and reveal
the altitude ranges of major physical processes affecting aerosol vertical distribution (Chew et al., 2013;
Reid et al., 2017). Our previous work successfully applied PCA to CALIOP aerosol extinction profiles over the
tropical North Atlantic Ocean to identify the variation modes representing dust transport and the marine boundary
layer process (Lu et al., 2023). In this study, we used CALIOP aerosol extinction profiles again as an example to
develop the theoretical framework. We conducted PCA of 532-nm aerosol extinction profiles from the daytime
CALIOP Level 3 product over the tropical North Atlantic Ocean (60°W-0°, 0°-30°N) during June 2006—
December 2021. Different from Lu et al. (2023), to decouple the shape and the column loading of the aerosol
vertical profiles, the normalized aerosol extinction profiles by their AOD were used as the inputs for PCA so that
the EOFs only represent the variation features of the aerosol profile shapes. Figure 1 presents the PCA results of
the aerosol vertical profile shapes from the CALIOP daytime product. The first three EOFs can explain 70% of the
total variance of the aerosol profile shapes over the tropical North Atlantic. The correlations between PCs and
normalized extinction profiles indicate that the variations of dust transport at 2—-5 km are represented by EOF 14
at different altitudes, and the majority of the variability of the marine boundary layer process below 2 km is
accounted for by EOF 1. Figure 1 attests the conjecture that once the EOFs are derived from the CALIOP
climatology, only the first 3—5 weights of the corresponding EOFs need to be retrieved from satellite measure-
ments to recover a single aerosol profile. While results in Figure 1 are for the ocean only, PCA in our algorithm
can be applied regionally, accounting for local aerosol types and physical processes. Figure S1 in Supporting
Information S1 displays the PCA results over the Western United States using 15 years of the CALIOP Level 3
product, showing the similar findings that the vertical variation of aerosol extinction can be explained over-
whelmingly by 3-5 EOFs.

3.2. New PC Module for Aerosol Vertical Profile in the UNL-VRTM

We developed a new PC module in the UNL-VRTM for representing the aerosol vertical profile using the
precalculated EOFs and their corresponding weights in the model. To expedite the computation and match the
vertical coordinate of the GEOS-Chem model, we aggregated the CALIOP aerosol extinction profiles to 47
hybrid sigma-pressure layers of GEOS-Chem and then computed the first three EOFs via PCA. UNL-VRTM is
subsequently set up for those 47 layers. To evaluate the fidelity of representing aerosol profiles using the PCA
method in the UNL-VRTM, we picked three aerosol profile samples with elevated dust transport at 2—5 km and
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Figure 1. Principal component analysis results for normalized daytime aerosol profiles by aerosol optical depth over the tropical North Atlantic Ocean (60°W-0°,
0°-30°N) using 15 years (June 2006—December 2021) of Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) Level 3 product. (a) All the normalized aerosol
profiles from CALIOP. (b) The first five EOF modes. (c) The correlation coefficients between the first five principal components and the normalized aerosol extinction

coefficients in the sample data at each vertical layer.

reconstructed them with the first three EOF modes at the 47 GEOS-Chem levels (Figure 2). These three profiles
exhibit distinct shape characteristics. The aerosol profile shown in Figure 2b is dominated by a surface aerosol
layer, with a small amount of dust aerosols present at around 2 km. The aerosol profiles displayed in Figures 2¢
and 2d feature surface aerosol layers within well-mixed marine boundary layers below 1 km and elevated dust
layers at 2-5 km, such that there are double prominent layers in both aerosol profiles. The reconstruction of the
three aerosol extinction profiles with only three EOFs by the PCA module in the UNL-VRTM can capture the
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Figure 2. Examples of representing Saharan dust profiles using principal component analysis. (a) The first three EOFs from aggregated Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) aerosol extinction profiles. (b) Aerosol extinction profile at 532 nm in April 2008 at 17.5°W, 12.0°N from original (black line, 60-m
resolution) and aggregated (blue dot line, GEOS-Chem vertical coordinate) CALIOP data. Pink line shows the mean shape of all dust profiles. Red dot line is the
reconstruction in Unified Linearized Vector Radiative Transfer Model at 47 GEOS-Chem hybrid pressure-sigma layers using the first three EOFs. (c) Same as (b) but for
July 2006 at 32.5°W, 18.0°N. (d) Same as (b) but for July 2006 at 22.5°W, 16.0°N.
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Figure 3. Comparison between analytic Jacobians calculated by Unified Linearized Vector Radiative Transfer Model and
Jacobians from the finite difference method for 10 viewing geometries. Panels (a—c) show the Jacobians of TOA radiance
with respect to the first three EOF weights, w,, w,, and wj, respectively.

most vertical variations, displaying a much better agreement with the original CALIOP aerosol profiles than the
mean profile shape. The correlation coefficients between the reconstructed profiles and the aggregated CALIOP
profiles are no lower than 0.94 for these three cases. This result provides us with the confidence on the fidelity of
representing aerosol profiles using PCA. It also illustrates the advantage of PCA technique in capturing the
multilayer structure of the aerosol profile (Figures 2¢ and 2d), which can never be represented by simple aerosol
profile assumptions used in previous studies (Chimot et al., 2018; Xu et al., 2019; Zeng et al., 2020).

Following the theoretical basis in Section 2.5, the newly developed PC module in the UNL-VRTM is equipped
with the capability of calculating the Jacobians of TOA radiances with respect to the weights of corresponding
EOFs (Equation 4) in preparation of the optimal inversion. The analytical calculation of Jacobians is validated
against that using the central finite difference method (Figure 3). For this validation, the weights of first three
EOFs are —0.068340, 0.197063, and 0.242580. The calculation is conducted at the O, A-band (764.0 nm) for 10
different viewing geometries. Figure 3 shows the analytic Jacobians for three EOF weights in the state vector have
good agreements with those from the finite difference estimate. This result indicates that the UNL-VRTM can
correctly calculate the Jacobians of TOA radiance with respect to EOF weights, which lays a solid foundation for
the optimal inversion of the state vector.

4. Averaging Kernel Analysis of Aerosol Profile Retrieval

To demonstrate the advantage of the proposed PCA technique for retrieving the aerosol vertical profile, we
applied a synthetic retrieval to the aerosol extinction profiles using synthetic TROPOMI and HIMAP measure-
ments without the PCA technique for a case study. The state vector is then composed of the aerosol extinction
coefficient at each vertical layer. The synthetic retrieval of the state vector % is calculated following Equation 8
(Rodgers, 2000; Worden et al., 2007).

=x, +A(x —x,) ®)

x, and x are the a priori and ground truth of the aerosol extinction profile. A is the averaging kernel matrix
(Equation 7). Averaging kernel represents the sensitivity of retrieval to the true value of the state vector. A value
of one in the averaging kernel indicates a perfect retrieval in theory. The trace of averaging kernel is called the
degree of freedom, which indicates the information amount that can be retrieved from the satellite measurements.
Both radiance and polarimetric measurements at 680—780 nm from three viewing zenith angles (0°, £57°) are
used for the synthetic HIMAP retrieval. For TROPOMI, only radiance measurements at 680—780 nm at the single
viewing zenith angle of 0° are used. The solar zenith angle is assumed to be 25° for both TROPOMI and HIMAP
retrievals. Table 2 presents the detailed configurations of synthetic retrievals for TROPOMI and HiMAP.

Figure 4 presents the averaging kernel calculations for retrieving the aerosol extinction coefficient at each vertical
layer over North America. The meridional mean aerosol profile at the longitude of 117.5°W from 36° to 70°N
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Table 2

Configurations of Synthetic Retrievals for TROPOMI and HiMAP

HiMAP TROPOMI

State Vector
Measurements

Spectral Range [nm]
Spectral Interval [nm]
FWHM [nm]

Surface Reflectance
Aerosol Model

Prior Uncertainty
Measurement Uncertainty
Model Error

Solar Zenith Angle
Viewing Zenith Angle
Relative Azimuth Angle

Aerosol extinction coefficient at each vertical layer

Radiance and polarimetric measurements from three viewing angles Radiance from one single viewing angle
680-780
0.085 0.122
0.180 0.345

TROPOMI surface LER database (Tilstra et al., 2024)
Smoke model from Chen, Wang, et al. (2021)

50%
2% for radiance; 0.005 for polarimetric measurements 2%
5% for radiance, 0.01 for polarimetric measurements 5%
25°
0°, £57° 0°
0°

from CALIOP Level 3 monthly aerosol extinction profiles in August 2018 was served as the input aerosol profile
for the calculations (Figure 4a). Figures 4b and 4c show the averaging kernel matrices derived from TROPOMI
and HIMAP measurements, respectively. The vertical coordinate applied in this calculation is the 47 hybrid
sigma-pressure layers of GEOS-Chem. Each curve in Figures 4b and 4c is one row of the averaging kernel matrix,
representing the sensitivity of the retrieval at one certain layer to the true value of each vertical layer. The

(a) Input Aero. Prof. (b) TROPOMI (c) HiMAP (d) Stratified DFS
2 12 12 12
— 0-1km \\} TROPOMI
— 1-2km } HiMAP
— 2-4km
10 1 — 4-7km 10 1
— 7-12km
3.20
81 DFS=3.53 81 DFS=12.68
€
= 4
2 61 oW 110°W 6
2
S
44 41 IR 4.23
A
,'9"\
(KR
"V
R 4.03
e
044 . oL ——————— 0 .
0.0 0.1 0.0 0.2 0.4 0.6 0.8 1.0 000204060810 0 1 2 3 4 5

Aerosol ExtCoef [km~1] Averaging Kernel Averaging Kernel Degree of Freedom for Signal

Figure 4. An example of averaging kernel calculations for retrieving the aerosol extinction coefficient at each vertical layer
over North America. (a) The input aerosol extinction profile calculated from the meridional mean of Cloud-Aerosol Lidar
with Orthogonal Polarization Level 3 monthly aerosol extinction profiles in Aug. 2018 at the longitude of 117.5°W from
36°N to 70°N. The inset panel is the true color image from Moderate Resolution Imaging Spectroradiometer/Terra on 15
August 2018, over North America. The red line marks the longitude of 117.5°W. (b) Averaging kernel derived from
TROPOMI measurements. (c) Same as (b) but for high-resolution metagrating spectropolarimeter for aerosol profiling
measurements. (d) Stratified degree of freedom for signal (DFS) of (b) and (c) for three altitude ranges of the boundary layer
(0-2 km), lower free troposphere (2—6 km) and upper free troposphere (6—12 km) represented by the braces. The vertical span
of each brace corresponds to the altitude range, and horizontal extent represents the DFS values for a given altitude layer.
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Figure 5. Averaging kernels derived from high-resolution metagrating spectropolarimeter for aerosol profiling (a) radiance-only measurements at one viewing angle
(0°), (b) polarization-only measurements at one viewing angle (0°), (c) radiance-only measurements at three viewing angles, and (d) polarization-only measurements at

three viewing angles.

averaging kernel values for TROPOMI are generally lower than 0.2, which indicates TROPOMI measurements
cannot resolve the aerosol extinction at each vertical layer. The diagonal values of the averaging kernel matrix for
HiMAP vary from 0.16 to 0.61 below 2 km, shifting to around 0.20-0.46 at 2—4 km. The values reach the peak of
0.57-0.68 at 4-7 km, then decrease to 0.32-0.45 above 7 km. The total DFS values are 3.47 and 12.68 with 47
layers in total for TROPMI and HiMAP retrievals, respectively. Figure 4d displays the stratified DFS of TRO-
POMI and HiMAP retrievals at three altitude ranges: boundary layer (0-2 km), lower free troposphere (2—-6 km),
and upper free troposphere (6-12 km). The stratified DFS is close to 1 across all three altitude ranges for
TROPOMI retrievals. In contrast, HIMAP achieves a DFS of around 4 in both the boundary layer and lower free
troposphere, decreasing to around 3 in the upper free troposphere. While DFS of TROPOMI is insufficient to
recover aerosol extinction at each layer in the lower part of the atmosphere, DFS of HIMAP clearly shows its
greater capability to derive aerosol extinction in the lower atmosphere. The maximum diagonal averaging kernel
value of HIMAP is ~0.7 at ~5 km, where the HIMAP measurements are most sensitive to.

The DFS of HiMAP is significantly larger than that of TROPOMI because of the following reasons: (a) the
spectral resolution of HIMAP is roughly twice as fine as that of TROPOMI; (b) HIMAP employs three viewing
angles, in contrast to TROPOMI's single-angle observation geometry; and (c) the polarimetric measurements
from HiMAP add additional information content, while TROPOMI relies on radiance-only measurements. To
further investigate the critical factor contributing to the larger DFS from HiMAP compared to TROPOMI, we
calculated averaging kernels for various measurement configurations from HiMAP (Figure 5). Figure Sa displays
the averaging kernel derived from HiMAP radiance-only measurements at a single viewing angle (0°). The DFS
value is larger than that of TROPOMI (Figure 4b) by 0.94, which is solely contributed by the higher spectral
resolution of HIMAP compared to TROPOMI. The DFS from HiMAP polarization-only measurements at a single
viewing angle (Figure 5b) is lower than TROPOMI DFS. Figures 5c and 5d present the averaging kernels from
HiMAP radiance-only and polarization-only measurements at three viewing angles. The DFS values increase by
6.20 and 4.89 compared to the corresponding single-angle configurations, which is larger than the contribution
from the high spectral resolution and the polarimetric measurements. As shown in Figure 5 and previous study by
Choi et al. (2021), combining the high-spectral resolution and polarization measurements at multiviewing angles
is the key to enhance the measurement sensitivity of HIMAP for quantifying the atmospheric aerosol vertical
distribution, since the sensitivity of the radiance measurement at single viewing from TROPOMI is not sufficient
to achieve this. Depending on the scientific application needs, the sensitivity of HHIMAP measurements could be
further enhanced by adding measurements via its programmable gimbal system over the special regional of in-
terests. For example, the system could expand from the current three viewing zenith angles (0°, £57°) to 9 angles
(0°, £29°, £48°, +£59°, and £66°) of Multi-Angle Imager for Aerosols (MAIA) (Diner et al., 2018) with a cost of
reduced spatial coverage along the satellite ground track, without changing the system hardware.
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Figure 6. Synthetic retrieval of the aerosol extinction profiles using synthetic high-resolution metagrating spectropolarimeter
for aerosol profiling (HIMAP) and TROPOMI measurements. (a) Cloud-Aerosol Lidar with Orthogonal Polarization Level 3
meridional aerosol extinction profile in August 2018 at the longitude of 117.5°W, served as ground truth. (b) Synthetic
retrieval of (a) using both radiance and polarimetric measurements from HIMAP at 680-780 nm from 3 viewing zenith
angles (0°, £57°). The total aerosol optical depth is assumed to be perfectly retrieved. The red dot curve represents the total
degree of freedom for signal for each latitude bin in reference to the vertical coordinate on the right. (c) Same as (b) but using
TROPOMI radiance-only measurements at 680—780 nm.

Figure 6 displays the synthetic estimate of the aerosol extinction profiles using HIMAP and TROPOMI mea-
surements. The total AOD is assumed to be perfectly retrieved. CALIOP Level 3 monthly meridional aerosol
extinction profiles in Aug. 2018 at the longitude of 117.5°W from 36° to 70°N are used as the ground truth
(Figure 6a), and the meridional average from 36° to 70°N is the a priori for the synthetic retrieval. The study
domain is marked by the red line in the inset panel of Figure 4a. With the polarimetric and multiangle mea-
surements at O,-A and O,-B bands with a fine spectral resolution of ~0.18 nm, HIMAP captures the primary
aerosol vertical variations and spatial gradient along the satellite ground track, as shown in Figure 6b. As ex-
pected, some aerosol loading features of CALIOP's measurements are not fully recovered by HIMAP mea-
surements, such as the aerosol extinction peak at 3—4 km at 50°N, and the aerosol extinction is overestimated in
the boundary layer at S0°N. It indicates that the vertical resolution of HIMAP is coarser than that of CALIOP,
though HiMAP's vertical sensitivity and resolution are much higher than the current existing passive remote
sensing instruments such as TROPOMI, MicroCarb, SPEXone, Tropospheric Emissions: Monitoring of Pollution
(TEMPO), Orbiting Carbon Observatory-2/3 (OCO-2/3), and Earth Polychromatic Imaging Camera (Choi
et al., 2021). Owing to its enhanced measurement sensitivity similar to CALIOP, and its wide spatial coverage,
which is about 800 times broader than CALIOP, HIMAP could be a unique observation system aboard satellites or
airplanes to distinguish local and nonlocal pollution, advancing our understanding of the impacts of aerosols on
the stability and development of planetary boundary layer (Su et al., 2022), human health, and economic pros-
perity (Chen, Xu, et al., 2021; Choi et al., 2021; Diner et al., 2018; Hsiao et al., 2022). TROPOMI lacks sufficient
sensitivity to capture most of the aerosol vertical variations in the direct retrieval of the aerosol extinction at each
vertical layer (Figures 4b and 4d), because TROPOMI does not have polarimetric and multiangle measurements
and features a coarser spectral resolution than HIMAP. The total DFS for each latitude bin is marked by the red dot
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Figure 7. Iterative retrieval process for retrieving the Saharan dust profile in Figure 2(d) using synthetic TROPOMI
measurements. (a) Observational term (red line), prior term (blue line), and total (black line) cost function as a function of
iteration number. (b) Gradient of the cost function with respect to the state vector as a function of the iteration number.

(c) The retrieved (solid line) state vector and ground truth (dashed line) as a function of the

iteration number.

curves in Figures 6b and 6¢ in reference to the vertical coordinate on the right of each panel for HIMAP and
TROPOMI retrievals, respectively. The DFS ranges from around 9 to 14 for HIMAP retrievals, while it remains

much lower at around 3-4 for TROPOMI. This result indicates the method of retrieving aerosol extinction

directly layer by layer using TROPOMI measurements is not feasible. We plan to integrate and test the HIMAP

system using the financial supports from National Aeronautics and Space Administration (NASA) IIP in 2025—
2028. When HIMAP measurements are available in the future, we will apply this PCA-based retrieval algorithm

to retrieve aerosol extinction profiles by combining both HIMAP measurements and a priori information. Prior to

that, TROPOMI measurements is one of the most advanced passive satellite measurements that are available for

aerosol profile retrieval. The PCA technique proposed by this study, which leverages CALIOP's long-term

extinction profile data sets as prior information, is necessary for a reasonable retrieval of the aerosol extinc-

tion profile (See Section 5).
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Figure 8. Spectral fitting and retrieval results for retrieving the Saharan dust profile in Figure 2(d) with the aerosol optical depth
of 3.0 using synthetic TROPOMI measurements. (a) Synthetic TROPOMI observation (wide black line), simulated spectra at
Ist iteration (a priori, red line) and eighth iteration (converged, green line) of TOA reflectance at ultraviolet bands. Random
noise was added to the synthetic observation. (b) Same as (a) but for the O, B-band. (c) Same as (a) but for the O, A-band.
(d) Ground truth (wide black line), a priori (red line), and final retrieval (green line) of the dust extinction profile.

5. Retrieving Aerosol Extinction Profile Using Synthetic Measurements With PCA
5.1. Retrieval Experiment for a Saharan Dust Profile

We implemented the retrieval experiments for Saharan dust extinction profiles using synthetic TROPOMI
measurements with the PCA technique. To demonstrate the retrieval process, we selected the Saharan dust profile
from the CALIOP Level 3 product in July 2006 at 22.5°W, 16.0°N (Figure 2d) as an example. The 15-year mean
of the PC values (See Section 3.1) for each month and each CALIOP Level 3 pixel is used as the a priori of the
state vector (i.e., three weight coefficients of EOF) for the retrievals. The a priori of the state vector for the case we
selected is (—0.2164, 0.2567, 0.1181). The solar zenith angle, viewing zenith angle, and relative azimuth angle are
24°,43°, and 0°, respectively. The AOD value at 680 nm is assumed to be 3.0 for this case. Figure 7 displays the
iterative retrieval process for this case. The spectral fitting gets converged at the eighth iteration. The cost function
is significantly reduced from 0.459 at the Ist iteration to 0.054 at the last iteration. The observational and prior
terms of the cost function at the last iteration are 0.012 and 0.042, respectively. The absolute values of the gradient
of cost function with respect to the state vector also decreases from values larger than 1.5 to that lower than 0.03.
At the final iteration, the retrieved first two EOF weights (w; and w,), that is, the two most important EOF
weights, are getting much closer to the ground truth. From the a priori to the final retrievals, the relative
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Figure 9. Error propagation analysis of retrieving the aerosol extinction profile with the principal component analysis
technique for the Saharan dust case used in Section 5.1. (a) The impacts of uncertainty of single scattering albedo (SSA),
aerosol optical depth (AOD), and surface reflectance on the retrieval. The blue, orange, and green shadows represent the
retrieved profiles with the SSA, AOD, and surface reflectance perturbed by +2%, +5%, and +10%, respectively. (b) The
impacts of uncertainty of a priori on the retrieval. The dashed lines with different colors are different prior profiles used in the
retrievals. The solid lines are final retrievals for the corresponding a priori with the same color. See more details in the text.

differences between the estimated EOF weights and the ground truth decreased from 58.1% to 24.8% for w, and
from 38.2% to 2.3% for w,. The retrieval of w; did not improve the estimation of w; significantly compared to the
prior value, but it is the most insignificant one in the reconstruction of the aerosol extinction profile.

Figure 8 presents the spectral fitting result and retrieved dust profile for the selected case. The TOA reflectance of
final iteration matches the synthetic TROPOMI spectra much better than that of the 1st iteration at UV, O, A, and
O, B bands. The prior dust extinction profile already captures the general shape of the ground truth with the
elevated dust transport peaking at around 3 km and another aerosol layer within the marine boundary layer.
However, the extinction peak in the free troposphere is underestimated by the prior profile, while the peak in the
boundary layer is overestimated compared to the ground truth. The final retrieval of the dust profile significantly
improves the agreement with the ground truth for both extinction peaks at ~3 km and near the surface. The
correlation coefficients between the estimated aerosol extinction and the ground truth across all vertical layers
below 6 km is increased from 0.891 to 0.964 from the a priori to the final retrieval, while the root mean square
error decreased from 0.225 km™" to 0.132 km™".

5.2. Error Propagation Analysis

We investigated the error propagation of the uncertainties in the assumptions of single scattering albedo (SSA),
AOD, surface reflectance, and a priori to the retrieval of aerosol extinction profile via sensitivity tests. The re-
trievals of the same Saharan dust profile used in Section 5.1 are performed here for the sensitivity tests. We
perturb the SSA, AOD, surface reflectance, and a priori from the baseline retrieval in Section 5.1 and conduct the
retrieval for each single perturbation. Figure 9a displays the results of the sensitivity tests for perturbing SSA,
AOD, and surface reflectance at the whole spectra by +2%, +5%, and +10%, respectively. The values of the
perturbation amplitudes were selected to produce discernible yet reasonable variations in the retrieval results,
ensuring clarity in interpreting and presenting the relative sensitivities. With the perturbation of these parameters,
the retrievals can still capture the general shape of the true profile. Table 3 displays the correlation coefficients
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Table 3 (R), root mean square error (RMSE), and mean absolute error between the
Evaluation Metrics for Prior and Retrieved Aerosol Extinction Profiles in estimated aerosol extinction profiles and the ground truth across all layers

Sensitivity Tests

below 6 km for the sensitivity tests. The variation of the aerosol profile re-

R RMSE (km™")  MAE (km™") trievals is the largest with the lowest perturbation of the relative value of 2%
X - - for SSA, while the variation of the retrieval is the smallest with the largest
Baseline Pri- Baseline" 0891 0.225 0.164 perturbation of the relative value of 10% for surface reflectance. The impact
W Brzalne L2 el s of the AOD perturbation of 5% on the aerosol profile retrieval is slightly
SSA —2% 0.947 0.152 0.126 smaller than that of the SSA perturbation of 2%. The reason for that the un-
SSA +2% 0.886 0316 0.235 certainty of surface reflectance has little impact on the aerosol profile retrieval
AOD —5% 0.945 0.169 0.136 is that the surface reflectance is low over the ocean surface (Table 1). This
AOD +5% 0.936 0.202 0.150 result demonstrates that the Lambertian ocean surface assumption would not
Rs —10% 0.965 0.129 0.096 affect the retrieval significantly. The performances of the retrievals over both
Rs +10% 0934 0171 0117 land and ocean will be investigated using real satellite measurements in our
. part-2 study. We need to pay more attention to the SSA assumption in the

BL Peak Pri. BL Peak 0.561 0.775 0.612 . . . . .

retrieval since it brings the largest retrieval error.
Ret. BL Peak 0.760 0.248 0.139

FT Peak Pri. FT Peak 0.217 0.467 0.316 Figure 9b presents the retrievals of the same dust extinction profile discussed
Ret. FT Peak 0.926 0.150 0.107 in Section 5.1, using three different prior profiles. The baseline a priori (Pri.

“Results for prior aerosol vertical profiles are shown in italics.

Baseline, red dashed line) is identical to the one used in the baseline retrieval
(Figure 8d) in Section 5.1, which is derived from the local PC climatology
based on the 15 years of CALIOP data. Therefore, the baseline a priori itself
already closely resembles the general shape of the ground truth. The other two prior profiles were designed to
represent extreme scenarios in which the a priori significantly deviates from the ground truth in two different
directions. The second a priori profile with a single aerosol extinction peak within the boundary layer (Pri. BL
Peak, green dashed line) misses the elevated dust extinction peak at ~3 km, while the last a priori profile with the
primary extinction peak in the free troposphere (Pri. FT Peak, blue dashed line) significantly underestimates the
aerosol extinction peak near the surface. Table 3 presents the evaluation metrics for all prior and retrieved aerosol
extinction profiles. All three retrievals exhibit a strong consistency with the ground truth profile, which indicates
the robustness of the inversion algorithm. However, the final retrievals are still affected by the shape of the prior
profiles. The baseline retrieval (Ret. Baseline, red solid line) achieves the highest accuracy and best agreement
since its corresponding prior profile (Pri. Baseline) most closely resembles the true profile. The retrieval from Pri.
BL Peak (Ret. BL Peak, green solid line) displays an aerosol extinction peak ~500 m higher than that of the
ground truth profile within the marine boundary layer, a bias attributed to the similar vertical structure of Pri. BL
Peak. The extinction peak near the surface in the retrieval from Pri. FT Peak (Ret. FT Peak, blue solid line) is
~0.5 km™" lower than the ground truth, which is caused by the significant underestimation of the surface peak by
Pri. FT Peak.

6. Summary

This study developed an algorithm to retrieve the aerosol vertical profile from passive satellite sensors for
hyperspectral measurements at UV, O,-A, and O,-B bands, such as TROPOMI and HIMAP. We built up a
theoretical framework to represent the aerosol extinction profile with 3—5 most important EOFs and corre-
sponding PC values, which are calculated from the PCA of 15 years of CALIOP measurements of regional aerosol
vertical profiles. The retrieval algorithm is then simplified to derive 3—-5 weighting coefficients of prescribed
EOFs to reconstruct the aerosol extinction profile.

We applied an optimal inversion technique to retrieve the EOF weights based on the Jacobian calculation and
L-BFGS-B algorithm (Byrd et al., 1995; Xiao & Zhang, 2008). A new PC module was developed in the
radiative transfer model UNL-VRTM (Wang et al., 2014) to represent the aerosol extinction profile with first
3-5 EOFs and compute the Jacobians of TOA reflectance with respect to EOF weights. The representativeness
of the aerosol vertical profile is tested with three Saharan dust profiles in the newly developed PC module.
The PCA method shows the advantage of capturing the multilayer structure of aerosol vertical distribution,
surpassing the simple aerosol profile assumptions used in the previous studies (Chimot et al., 2018;
Xu et al., 2019; Zeng et al., 2020). The analytical computation of Jacobians in the new PC module is validated
against the central finite difference calculation, and they display good agreements.
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The averaging kernel analysis shows that TROPOMI measurements cannot resolve the aerosol extinction layer by
layer. The multiangle and polarimetric measurements at O,-A and O,-B bands from HiMAP with the spectral
resolution twice as fine as TROPOMI measurements can resolve some of the aerosol vertical variations. How-
ever, some high aerosol loading features may be missed, and some false aerosol signals could be retained from the
apriori. The PCA technique proposed by this study is necessary for a reasonable retrieval of the aerosol extinction
profile using TROPOMI data, and HIMAP could potentially provide more information for retrieving aerosols in
the lower part of the atmosphere. More studies are needed and planned to develop the HIMAP retrieval concept
and algorithm.

Finally, we conducted the retrieval experiments for Saharan dust profiles using synthetic TROPOMI measure-
ments. The retrieval of the dust profile case successfully captures the general shape of the ground truth with the
elevated dust transport peaking at around 3 km and the other aerosol layer within the marine boundary layer,
significantly improving the agreement with the ground truth profile. The error propagation analysis indicates that
the uncertainty of the SSA assumption is the largest error source for the dust profile retrieval, while the impacts of
surface reflectance uncertainty is minor because the ocean surface is quite dark. The impact of the AOD error on
the aerosol profile retrieval is also important but smaller than that of SSA uncertainty. The sensitivity test using
different prior profiles for the retrievals indicates the robustness of the inversion algorithm. The retrievals exhibit
strong consistency with the true profile even if the prior profiles significantly deviate from the ground truth.
However, the final retrievals are still affected by the shape of the prior profiles.
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