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Abstract - The vertical distribution of aerosols in the atmosphere governs their interactions with 14 

solar radiation and cloud processes, and is therefore a key factor influencing their climatic and 15 

environmental effects. Existing passive remote sensing methods for retrieving aerosol layer height 16 

(ALH) largely rely on a single observational dimension (e.g., spectral or multi-angle information), 17 

which provides limited constraints on layer height under complex aerosol conditions and 18 

consequently restricts retrieval accuracy and applicability. To address this issue, this study extends 19 

conventional spectral approaches by incorporating multi-angle polarimetric observations. By 20 

exploiting the high sensitivity of polarization signals to the differences between molecular Rayleigh 21 

scattering and aerosol scattering, as well as the capability of multi-angle measurements to sample a 22 

broader range of scattering angles, the sensitivity to aerosol vertical structure is significantly 23 

enhanced. Based on a vector radiative transfer model combined with an information content analysis 24 

method, the contributions of multi-angle and polarization information to ALH retrieval are 25 

systematically evaluated. The results show that, compared with radiance-only observations, multi-26 

angle polarimetric measurements substantially increase the Degrees of Freedom for Signal (DFS) 27 

of the retrieval system, thereby improving the accuracy of ALH retrievals. Building on this, an 28 

optimal estimation method is developed using multi-angle polarimetric observations from the 29 

HARP2 (Hyper-Angular Rainbow Polarimeter-2) instrument aboard the PACE (Plankton, Aerosol, 30 

Cloud, ocean Ecosystem) satellite. The retrieval results are validated against Lidar observations 31 

from ATLID (Atmospheric Lidar) onboard the EarthCARE (Earth Clouds, Aerosols and Radiation 32 

Explorer) mission. Statistical analysis indicates that, for all collocated samples, the HARP2 33 

retrievals achieve a root mean square error (RMSE) of 1.03 km, significantly lower than the 1.40 34 

km obtained from the TROPOMI (TROPOspheric Monitoring Instrument) product, with a near-35 

zero mean bias (−0.07 km), demonstrating good overall consistency. For smoke cases, the RMSE 36 

is 1.12 km, while for dust cases it further decreases to 0.92 km. Moreover, in a typical dust transport 37 

event, the proportion of retrieval errors smaller than 1 km reaches 84.5%, highlighting the 38 



significant accuracy advantage of multi-angle polarimetric observations in aerosol layer height 39 

retrieval. 40 
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1. Introduction 43 

Aerosol Layer Height (ALH) is a key parameter for characterizing aerosol radiative effects and 44 

climate feedback processes. The vertical distribution of aerosols directly influences their scattering 45 

and absorption of solar radiation through aerosol–radiation interactions (ARI). In addition, it exerts 46 

significant indirect climate effects by modulating cloud formation and radiative properties via 47 

aerosol–cloud interactions (ACI) (Choi et al., 2021; Varotsos et al., 2012, 2001; Zeng et al., 2018). 48 

Consequently, reliance solely on column-integrated or horizontally distributed information is 49 

insufficient for accurately assessing aerosol-induced climate effects. Incorporating vertical 50 

structural information is therefore essential for improving the accuracy of radiative effect estimation. 51 

Beyond climate, ALH also significantly affects pollutant transport pathways and source attribution, 52 

and is thus of great importance in studies of air quality and health impacts (Gandham et al., 2022; 53 

Li et al., 2024; Parajuli et al., 2020). 54 

Currently, the primary approaches for obtaining aerosol vertical structure information include 55 

active and passive remote sensing. Among active techniques, Lidar can accurately retrieve vertical 56 

profiles of atmospheric aerosols. For example, the Cloud-Aerosol Lidar with Orthogonal 57 

Polarization (CALIOP) onboard the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder 58 

Satellite Observation) satellite has provided long-term, continuous global observations of aerosol 59 

vertical distribution, as well as their optical and physical properties, with relatively high spatial 60 

resolution from June 2006 to August 2023 (Winker et al., 2007). As a member of the A-Train 61 

satellite constellation (Savtchenko et al., 2008), CALIPSO enables synergistic use with multi-source 62 

observational data, offering important support for aerosol studies and establishing the first long-63 

term global dataset of aerosol and cloud profiles (Winker et al., 2010). However, its limitations are 64 

also evident. Due to its narrow swath, CALIOP provides only “curtain-like” vertical profile 65 

observations along the satellite track, making it difficult to achieve a complete three-dimensional 66 

characterization of aerosols. This limitation may lead to missed aerosol events and, to some extent, 67 

restricts its application in model validation and process studies (Cohen et al., 2018; Kahn et al., 68 

2008; Liu et al., 2019; Zeng et al., 2020). As its successor, the EarthCARE (Earth Clouds, Aerosols 69 

and Radiation Explorer) satellite, launched on May 8, 2024, is now providing three-dimensional 70 

aerosol information (Illingworth et al., 2015). Nevertheless, achieving high spatial coverage and 71 

high-frequency three-dimensional characterization remains a key challenge that urgently needs to 72 

be addressed. 73 

In contrast, passive remote sensing offers the advantage of wide-swath observations, enabling 74 

global-scale coverage with high spatial and temporal resolution, and providing an important data 75 

source for ALH retrieval. Passive remote sensing–based ALH retrieval methods can generally be 76 

classified into three categories: (1) stereo matching techniques based on multi-angle parallax; (2) 77 

spectral Retrieval retrieval methods based on radiative transfer theory; and (3) retrieval approaches 78 

based on polarization information. Among these, multi-angle stereo parallax methods estimate 79 



aerosol plume height by retrieving the geometric displacement of aerosol features observed from 80 

different viewing angles, achieving high vertical resolution (~250–500 m). The retrieved plume 81 

height is primarily constrained by geometric information and is therefore independent of radiometric 82 

calibration uncertainty, AOD retrieval uncertainty, and aerosol microphysical assumptions. The 83 

algorithm also incorporates wind correction to account for plume displacement during the multi-84 

angle acquisition period. The MISR INteractive eXplorer (MINX) software system, developed by 85 

the NASA Jet Propulsion Laboratory (JPL) team based on MISR multi-angle observations, has been 86 

successfully applied to the height retrieval of wildfire smoke plumes, volcanic ash, and dust 87 

aerosols.multi-angle stereo parallax methods estimate aerosol plume height by extracting geometric 88 

displacement through image matching at different viewing angles. The MISR (Multi-angle Imaging 89 

SpectroRadiometer) INteractive eXplorer (MINX) software system, developed by the NASA JPL 90 

(Jet Propulsion Laboratory) team based on MISR multi-angle observations, has been successfully 91 

applied to height retrieval of wildfire smoke plumes, volcanic ash, and dust aerosols (Diner et al., 92 

2008; Nelson et al., 2013, 2008). 93 

Another important technical approach is the use of multispectral observations from passive 94 

sensors, which is currently the most widely applied method. Representative techniques are based on 95 

the absorption features of molecular oxygen (𝑂₂) in the A band (755–775 nm) and B band (685–96 

695 nm). The underlying physical mechanism is that the presence of an aerosol layer modifies 97 

photon scattering paths(Xu et al., 2019). Specifically, for scattering layers at higher altitudes, the 98 

probability for photons to penetrate into the lower atmosphere and be absorbed by 𝑂₂ reduces, 99 

leading to shallower absorption lines in within the absorption bands for higher altitude aerosol layers. 100 

Specifically, more photons are scattered back to space at higher altitudes, thereby reducing their 101 

probability of penetrating into the lower atmosphere and being absorbed by O₂. As a result, higher 102 

aerosol layers lead to stronger Top-of-Atmosphere (TOA) reflectance within the absorption bands. 103 

In practical applications, the Royal Netherlands Meteorological Institute (KNMI) has developed a 104 

neural network–based ALH retrieval algorithm using TROPOspheric Monitoring Instrument 105 

(TROPOMI) 𝑂₂𝐴 band observations. Results show that over ocean regions, the retrieved ALH 106 

exhibits a mean bias of approximately −1 km and a median difference of −0.76 km relative to 107 

reference data. However, over land, the retrieval bias increases significantly due to surface 108 

reflectance effects, with an average underestimation of about 2 km (Nanda et al., 2020). In addition, 109 

Xu et al. (2017) used Top-of-Atmosphere (TOA) radiance observations from the 𝑂₂𝐴/𝐵 bands 110 

of the EPIC satellite to achieve simultaneous retrieval of ALH and aerosol optical depth (AOD) 111 

over ocean regions. Building on this, Chen et al. (2021a) were the first to retrieve ALH using 112 

TROPOMI 𝑂ଶ𝐵 band observations, further demonstrating the feasibility of this technical approach. 113 

In addition to the visible–near-infrared bands, thermal infrared methods estimate ALH by 114 

exploiting the intrinsic thermal emission characteristics of the Earth–atmosphere system. It has been 115 

shown that in the presence of dust aerosols, the TOA brightness temperature (BT) in the 8–12 𝜇𝑚 116 

atmospheric window region generally decreases, and exhibits a negative spectral slope with respect 117 

to wavenumber around the 11 𝜇𝑚 band. This spectral behavior is highly sensitive to ALH and 118 

particle size distribution (Pierangelo et al., 2004; Sokolik, 2002). Therefore, by jointly utilizing 119 

information from multiple infrared window channels, it is possible to simultaneously retrieve AOD 120 

and ALH. 121 



In comparison, near-ultraviolet remote sensing offers unique advantages for aerosol detection. 122 

Surface reflectance over land is generally low in this spectral range, which helps reduce interference 123 

from surface reflection (Dubovik and King, 2000; Li et al., 2025; Torres et al., 2002, 1998). In 124 

addition, near-ultraviolet observations are more sensitive to absorbing aerosols. Jeong and Hsu 125 

(2008) proposed an algorithm for retrieving aerosol single-scattering albedo (SSA) and layer height 126 

(Aerosol Single-scattering Albedo and Layer Height Estimation, ASHE) by synergistically using 127 

observations from the VIIRS and OMPS sensors. This method retrieves ALH and SSA by 128 

minimizing the residuals between measured ultraviolet radiance and simulated radiance under 129 

cloud-free and aerosol-free conditions. Subsequently, Lee et al. (2015) further extended this 130 

approach to dust aerosol scenarios. 131 

Meanwhile, polarization observations provide an additional dimension of information for 132 

aerosol vertical structure retrieval. Using data from the Research Scanning Polarimeter (RSP), Wu 133 

et al. (2016) found that polarization signals in the near-ultraviolet and blue spectral bands exhibit 134 

strong sensitivity to ALH, highlighting the considerable potential of polarization measurements for 135 

characterizing aerosol vertical distribution. Recently, the NASA operational FastMAPOL product 136 

has provided aerosol properties, including ALH, from HARP2 multi-angle polarimetric 137 

observations (Earth Science Data Systems, 2025; Gao et al., 2023, 2021). These developments 138 

demonstrate the potential of multi-angle polarimetric measurements for aerosol characterization. 139 

In summary, existing passive remote sensing studies have explored ALH from multiple 140 

perspectives, including multi-angle, spectral, and polarization dimensions. However, these 141 

approaches generally rely on a dominant information source, such as angular, spectral, or 142 

polarization signatures, and the complementary information contained in other observational 143 

dimensions has not been fully exploited. However, early methods were often limited to a single 144 

observational dimension (e.g., spectral-only or angular-only), resulting in strong coupling effects 145 

among retrieval parameters — particularly the mutual constraint between ALH and AOD — which 146 

limits retrieval accuracy and robustness. With the advancement of next-generation satellite 147 

platforms integrating multi-angle, multispectral, and polarization sensors, the richness of 148 

observational information has been significantly enhanced, providing a solid foundation for 149 

synergistic multi-dimensional retrieval (Dubovik et al., 2019; Li et al., 2018; Mishchenko et al., 150 

2007). Multi-angle observations strengthen the physical constraints on atmospheric scattering 151 

geometry by capturing radiative characteristics over a wider range of scattering angles. Meanwhile, 152 

polarization measurements, with their high sensitivity to aerosol particle size, refractive index, and 153 

phase function, offer diagnostic information that is independent of radiance intensity (Dubovik et 154 

al., 2011). The integration of these complementary observations not only enhances the separability 155 

of retrieval parameters, but also provides new opportunities for more accurate characterization of 156 

aerosol vertical distribution (Hasekamp and Landgraf, 2007). Previous studies, including GRASP-157 

based retrieval frameworks and multi-angle polarimetric retrieval approaches (Hasekamp et al., 158 

2011), have demonstrated the potential of combining spectral, angular, and polarization 159 

measurements to improve aerosol property retrievals. Nevertheless, uncertainties remain in 160 

quantifying the specific information contribution of individual observation dimensions to ALH 161 

retrieval, particularly for multi-angle polarimetric observations under different viewing 162 

geometries.Nevertheless, multi-angle polarization retrieval still faces challenges, including 163 



uncertainties in surface polarized reflectance models and errors in aerosol model assumptions. 164 

Moreover, the quantitative contributions of multi-dimensional observations to ALH retrieval have 165 

not yet been systematically assessed, highlighting the need for further investigation. 166 

Motivated by the above considerations, the present study aims to enhance information content 167 

by extending ALH retrieval from a single spectral dimension to a multi-dimensional observational 168 

space that integrates spectral, angular, and polarization measurements. This approach provides 169 

stronger physical constraints for retrieving aerosol vertical structure from passive remote sensing. 170 

Through radiative transfer simulations and sensitivity analysis of the Stokes vector, the response of 171 

TOA polarized radiance to aerosol vertical distribution and scale height is systematically evaluated. 172 

The variation in information contribution under different viewing geometries is further investigated. 173 

Different from existing operational multi-parameter aerosol retrieval algorithms, this study focuses 174 

on ALH as the primary retrieval target to avoid strong coupling among multiple aerosol parameters. 175 

To enhance the sensitivity of observations to aerosol vertical structure, the proposed framework 176 

directly utilizes multi-angle measurements of the full linear Stokes components (I, Q, and U), which 177 

preserve polarization orientation information and provide additional constraints on aerosol 178 

scattering characteristics compared with approaches based on radiance and DoLP. Furthermore, 179 

externally constrained aerosol optical depth information is incorporated to further reduce the 180 

dependence of ALH retrieval on simultaneously retrieved aerosol properties, thereby improving 181 

retrieval robustness. Based on these analyses, a joint retrieval strategy is developed within an 182 

optimal estimation method to achieve robust ALH retrieval over both ocean and land surfaces. 183 

The remainder of this paper is organized as follows. Section 2 introduces the satellite data used 184 

in this study. Section 3 presents the sensitivity and information content analysis of ALH based on 185 

information theory. Section 4 describes the multi-angle polarization retrieval method. Section 5 186 

provides validation and analysis of the ALH retrieval results. Finally, Section 6 summarizes the 187 

main findings and discusses future perspectives. 188 

 189 

2. Data Description 190 

To support ALH retrieval based on multi-angle polarimetric observations and its accuracy 191 

evaluation, this study establishes an observation and validation framework using multi-source 192 

remote sensing datasets. The datasets used include multi-angle polarimetric measurements, aerosol 193 

column-integrated properties, surface reflectance auxiliary products, passive remote sensing ALH 194 

products, and active Lidar profile data. Specifically, the datasets comprise: (1) multi-angle 195 

polarimetric observations from the Plankton, Aerosol, Cloud, ocean Ecosystem satellite 196 

(PACE)/HARP2 (Hyper-Angular Rainbow Polarimeter-2); (2) AOD and surface reflectance 197 

products from the Suomi National Polar-orbiting Partnership (SNPP)/Visible Infrared Imaging 198 

Radiometer Suite (VIIRS); (3) Surface BRDF parameters from the MODIS; (34) ALH products 199 

from Sentinel-5P/TROPOMI; and (45) Lidar profile data from EarthCARE/ATLID (Atmospheric 200 

Lidar). 201 

The local overpass times of PACE, SNPP, Sentinel-5P, and EarthCARE are approximately 202 

13:00, 13:30, 13:30, and 14:00, respectively. Therefore, the temporal differences among HARP2 203 

observations, TROPOMI ALH products, and ATLID Lidar measurements are generally within 204 



about one hour. This relatively short time interval facilitates effective intercomparison and 205 

validation between ALH retrievals derived from multi-angle polarimetric observations and those 206 

obtained from independent active and passive satellite measurements. 207 

2.1 HARP2 208 

Multi-angle polarimetric observations are obtained from HARP2, which is onboard the PACE 209 

satellite (Martins et al., 2018; Xu et al., 2024). HARP2 provides ultra-multi-angle (up to over 60 210 

viewing angles) and multispectral polarimetric measurements, delivering high-precision Stokes 211 

parameters in the visible and near-infrared bands (Werdell et al., 2019). Among these, the 441 nm 212 

channel exhibits high sensitivity to variations in ALH. Multi-angle polarization information 213 

enhances constraints on aerosol vertical distribution and microphysical properties, and significantly 214 

improves retrieval stability and information content compared with single-angle radiance 215 

observations. Based on this capability, this study develops a joint retrieval method using multi-angle 216 

radiance intensity (I) and linear polarization measurements (Q and U)I, Q, and U measurements 217 

from HARP2 to improve the sensitivity and accuracy of ALH retrieval. 218 

This study uses the PACE_HARP2.L1C.V3.5km standard product with a spatial resolution of 219 

3.55.2 km. The product has undergone radiometric calibration, geometric correction, and 220 

resampling, and provides multi-angle observations on a unified geographic grid (Gao et al., 2023). 221 

At the 441 nm wavelength used in this study, HARP2 provides 10 discrete viewing directions, with 222 

nominal viewing angles ranging from approximately −55.9° to 53.8°. The datasets used in this study 223 

include: (1) solar zenith angle (SZA), viewing zenith angle (VZA), and relative azimuth angle 224 

(RAA), which characterize the observation geometry; (2) Stokes parameters I, Q, and U at 441 nm 225 

across 10 viewing angles, together with their corresponding uncertainty metrics (Istdev, Qstdev, and 226 

Ustdev). Here, I represents total radiance intensity, while Q and U denote the linear polarization 227 

components that characterize the polarization state of the scattering field. The associated standard 228 

deviations are used to quantify instrument noise and characterize error propagation in the retrieval 229 

process, providing a basis for subsequent uncertainty analysis. 230 

 231 

2.2 VIIRS 232 

This study incorporates aerosol product data from VIIRS onboard the SNPP satellite, 233 

specifically the AERDB_L2_VIIRS_SNPP dataset from the Level-2 Deep Blue aerosol product 234 

(NASA VIIRS Atmosphere Science Team, 2023). The following parameters were selected: (1) 235 

AOD at 550 nm as an indicator of column-integrated aerosol loading, with data pre-screened by an 236 

internal high-precision cloud masking algorithm (Hsu et al., 2013; Sayer et al., 2012); (2) surface 237 

reflectance at 488 nm to characterize surface reflection properties, providing auxiliary information 238 

for analyzing land–atmosphere coupling effects; and (3) the Ångström exponent (AE) to facilitate 239 

AOD conversion across different wavelengths. 240 

2.3 MODIS 241 



This study incorporates surface bidirectional reflectance information from the MODIS 242 

MCD43A1 BRDF/Albedo product (Schaaf and Wang, 2015). Specifically, the BRDF Albedo 243 

Parameters dataset was used to characterize the directional surface reflection properties at the 244 

corresponding wavelength. The MCD43A1 product provides the three RossThick–245 

LiSparseReciprocal BRDF model parameters, which describe the anisotropic scattering behavior of 246 

the land surface (Schaaf et al., 2002). These parameters were used as auxiliary inputs for the 247 

radiative transfer simulations to account for surface bidirectional reflectance effects in the aerosol 248 

layer height retrieval. 249 

 250 

2.3 4 TROPOMI 251 

The Level-2 ALH product (version 02.08.00) from the TROPOMI instrument onboard 252 

Sentinel-5P is used for validation (European Space Agency, 2021). In this version, surface albedo 253 

is incorporated into the optimal estimation state vector as a fitting parameter and is simultaneously 254 

retrieved together with ALH and AOD. This improvement enhances the consistency between 255 

radiative transfer simulations and observed spectra, and significantly reduces the impact of land–256 

atmosphere coupling errors on the fitting of 𝑂₂ 𝐴 band absorption features, thereby effectively 257 

mitigating the underestimation bias of ALH under high-reflectance surface conditions. Previous 258 

studies have shown that, compared with earlier versions, version 02.08.00 exhibits smaller 259 

systematic differences between land and ocean regions and achieves better agreement with active 260 

lidar observations (e.g., CALIOP and ATLID) (Graaf et al., 2025; Nanda et al., 2020, 2019). 261 

In addition, the TROPOMI ALH product provides a continuous Quality Assurance (QA) metric 262 

ranging from 0 to 1, where 0 indicates retrieval failure or unreliable results, and 1 indicates fully 263 

successful retrieval. To ensure data quality, only pixels with 𝑄𝐴 ൒ 0.5 are retained for validation in 264 

this study, while those with 𝑄𝐴 ൏ 0.5 are considered unreliable and excluded. Furthermore, the 265 

ALH product has been cloud-screened using the VIIRS/SNPP Enterprise Cloud Mask (ECM), 266 

which further improves the reliability of the data. 267 

2.4 5 ATLID 268 

The reference data used for ALH validation are obtained from the ATLID active remote 269 

sensing instrument onboard the EarthCARE satellite, which was launched on May 28, 2024 270 

(Illingworth et al., 2015). ATLID is an active sensor based on High-Spectral-Resolution Lidar 271 

(HSRL) technology, operating at a wavelength of 355 nm in the ultraviolet band. By separating 272 

molecular (Rayleigh) scattering from particulate (Mie) scattering signals, ATLID can independently 273 

retrieve aerosol and cloud backscatter coefficients, extinction coefficients, and polarization 274 

properties without requiring a priori assumptions of the lidar ratio (Nishizawa et al., 2026). Its native 275 

vertical resolution is approximately 103 m within the 0–20 km altitude range and about 500 m above 276 

20 km. The along-track horizontal sampling interval is about 140 m, which is typically aggregated 277 

to an effective resolution of approximately 280–300 m in standard products (van Zadelhoff et al., 278 

2023). This high vertical resolution makes ATLID particularly well suited for resolving the fine 279 

structure of aerosol layers and accurately determining layer top heights. 280 



The specific datasets used in this study include the Level-2A products 281 

ECA_EXAF_ATL_AER_2A and ECA_EXAD_ATL_FM__2A. The former provides aerosol 282 

optical profile parameters, specifically the extinction coefficient at 355 nm, which can be used to 283 

derive aerosol layer centroid height or layer top height and serves as a reference for validating 284 

retrieval results. The latter includes the FeatureMask dataset, which contains a feature detection 285 

index ranging from 0 to 10, where 0 represents clear-sky conditions and 10 indicates a very high 286 

probability of optically thick clouds. This index is constructed based on probabilistic analysis of 287 

ATLID backscatter signals. It should be noted that this mask does not distinguish between different 288 

particle types; instead, it is designed to differentiate strong signal regions, weak signal regions, and 289 

clear-sky areas, thereby facilitating the construction of vertical profiles for aerosol classification. 290 

To ensure the reliability of the ATLID validation dataset, quality control and target-type 291 

screening were applied to the EarthCARE Level-2 products. First, observations were filtered based 292 

on the Quality Status flag (QALD) provided in the Quality Status dataset, retaining only samples with 293 

QALD values of 0, 1, and 2. Here, QALD = 0 indicates high-quality observations; QALD = 1 denotes 294 

valid data but with the number of aerosol layers exceeding a configurable threshold; and QALD = 2 295 

indicates that the retrieved layer height shows some inconsistency with the A-TC (Target 296 

Classification) product, although the data remain valid. In addition, aerosol types were further 297 

screened using the A-TC product. Since this study focuses on the vertical structure of absorbing 298 

aerosols, only observations classified as Dust, Smoke, Dusty_smoke, and Dusty_aerosol_mix were 299 

retained for subsequent statistical analysis. This procedure helps reduce the influence of non-target 300 

aerosol types on the ALH validation results. 301 

Owing to its high-precision vertical sensing capability and its physically based discrimination 302 

between aerosols and clouds, ATLID provides products with significant reference value for ALH 303 

validation. It offers an independent and reliable benchmark for evaluating ALH retrievals from 304 

passive remote sensing. 305 

3 Sensitivity Analysis and Information Content of ALH 306 

In ALH retrieval studies, the sensitivity of observations to target parameters and the 307 

information content contained in the observing system are key factors that determine retrieval 308 

accuracy and stability. Prior to the development of practical retrieval algorithms, it is necessary to 309 

systematically assess the retrievability of ALH under different observation conditions through 310 

radiative transfer forward simulations, thereby providing a theoretical basis for parameter selection, 311 

observation configuration design, and error control. Previous studies have shown that information 312 

content analysis and sensitivity assessment can effectively reveal the capability of an observing 313 

system to constrain atmospheric vertical structure parameters (Ding et al., 2016). 314 

Therefore, this section constructs idealized observation scenarios based on a radiative transfer 315 

model. Under prescribed assumptions of measurement error and a priori uncertainty, the Degrees of 316 

Freedom for Signal (DFS) is adopted as a quantitative metric to systematically analyze the response 317 

of ALH information content to variations in AOD, wavelength, surface reflectance, and observation 318 

geometry. On this basis, the enhancement in ALH retrieval capability provided by multi-angle 319 

observations and polarization information is further evaluated, offering theoretical support for 320 

subsequent retrieval algorithm development and observation strategy optimization. 321 



3.1 Information Content Analysis 322 

In the framework of optimal estimation theory (Hou et al., 2018), the relationship between the 323 

state vector 𝑥 (containing n parameters) and the observation vector y (with m measurements) can 324 

be expressed as: 325 

𝑦 ൌ 𝐹ሺ𝑥ሻ൅∈ ሺ1ሻ 326 

where F is the forward model that describes the physical relationship between satellite observations 327 

and atmospheric parameters (such as ALH), 𝑥 is the state vector to be retrieved, and ∈ represents 328 

the errors arising from forward model simulations and satellite measurements. For the DFS analysis, 329 

the nonlinear forward model in Eq. (1) is linearized around a reference state 𝑥 using the Jacobian 330 

matrix 𝐾 ൌ
డி

డ௫
, which represents the sensitivity of the simulated observations to the retrieved 331 

parameters. Under the assumption that the measurement and forward model errors follow Gaussian 332 

distributions, the posterior probability density function of the retrieved state can be obtained through 333 

Bayesian estimation by combining the prior information with the measurement information. The 334 

corresponding posterior error covariance matrix S is then expressed as: 335 

The retrieval uncertainty (posterior covariance matrix S) is related to the Jacobian matrix K, which 336 

characterizes the sensitivity of the observations to the state vector: 337 

Sିଵ ൌ K்SఌିଵK ൅ Sୟିଵ ሺ2ሻ 338 

WhereHere, 𝑆ఌ  denotes the measurement error covariance matrix, and 𝑆௔  represents the a priori 339 

error covariance matrix. In this study, the measurement error covariance matrix 𝑆ఌ is assumed to be 340 

diagonal, indicating that the measurement errors among different observations are independent. In 341 

practical retrievals, the construction of 𝑆ఌ is of critical importance. It includes uncertainties from 342 

both instrument measurements and forward-model simulationsIt includes not only instrument 343 

measurement noise, but also uncertainties associated with the forward model. SpecificallyIn this 344 

study,, 𝑆ఌ is defined as a diagonal matrix: 345 

𝑆ఌ ൌ 𝑑𝑖𝑎𝑔൫𝜎ூ,௩భ
ଶ , … ,𝜎ூ,௩ಾ

ଶ ,𝜎஽௢௅௉,௩భ
ଶ , … ,𝜎஽௢௅௉,௩ಾ

ଶ ൯ ሺ3ሻ 346 

where the radiance uncertainty is typically assumed to be 5% of the measured value,  (accounting 347 

for calibration errors), while the absolute uncertainty of the Degree of Linear Polarization (DoLP) 348 

is usually set to 0.005 for high-precision polarimeters such as HARP2 (Sienkiewicz et al., 2025). 349 

This weighting scheme ensures that polarization signals have a higher constraint weight under 350 

conditions of high aerosol loading. 351 

The superscripts 𝑣ଵ െ 𝑣ெ  are used to represent individual viewing angles in multi-angle 352 

observations. Accordingly, the measurement vector y can be expressed as: 353 

𝑦 ൌ ൣ𝐼ఒ
௩భ , … , 𝐼ఒ

௩ಾ ,𝐷𝑂𝑜𝐿𝑃ఒ
௩భ , … ,𝐷𝑂𝑜𝐿𝑃ఒ

௩ಾ൧
்

ሺ4ሻ 354 

To establish the relationship between the retrieved state and the true state, the averaging kernel 355 

matrix A is introduced: 356 

𝐴 ൌ
𝜕𝑥ො
𝜕𝑥

ൌ ሺ𝐾்𝑆ఢିଵ𝐾 ൅ 𝑆௔ିଵሻିଵ𝐾்𝑆ఢିଵ𝐾 ሺ5ሻ 357 

The trace of the averaging kernel matrix A (i.e., the sum of its diagonal elements) is defined as 358 

the Degrees of Freedom for Signal (DFS), which quantifies how much information about the 359 

retrieved parameters can be obtained from the satellite measurements. For a single state variable, 360 



the DFS value ranges between 0 and 1. If the DFS of an aerosol parameter is close to 0, it indicates 361 

that the measurements contain little to no information for retrieving that parameter. In 362 

contrastConversely, a DFS value approaching 1 indicates that the observations provide substantial 363 

information and make a strong contribution to the retrieval process.For forward modeling, this study 364 

uses the UNL-VRTM radiative transfer model to compute TOA Stokes parameters under different 365 

ALH conditions, including radiance 𝐼 and polarization components 𝑄 and 𝑈. Circular polarization 366 

(Stokes parameter 𝑉) is generally negligible in atmospheric studies (Gassó and Knobelspiesse, 367 

2022).  368 

 369 

Using the Unified Linearized Vector Radiative Transfer Model (UNL-VRTM), satellite 370 

observations and their weighting functions (Jacobian matrices) with respect to retrieval parameters 371 

are simulated under various viewing geometries. UNL-VRTM is based on the VLIDORT model 372 

(Spurr, 2006)(Spurr 2006) and computes the Stokes vector ሾ𝐼,𝑄,𝑈,𝑉ሿ், where I represents radiance, 373 

and Q and U denote the linear polarization components (Wang et al., 2014; Xu and Wang, 2019). 374 

Circular polarization (Stokes parameter 𝑉) is generally negligible in atmospheric studies (Gassó and 375 

Knobelspiesse, 2022). In this study, the observation vector consists of radiance III and the 376 

DoLPDoLP, which is defined as: 377 

𝐷𝑜𝑂𝐿𝑃 ൌ
ඥ𝘘ଶ ൅ 𝑈ଶ

𝐼
ሺ6ሻ 378 

Furthermore, the Jacobian of DoLP with respect to the state vector can be expressed as: 379 
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3.2 Aerosol and Surface Models 381 

In radiative transfer calculations, aerosol scattering and absorption processes involve AOD 382 

(related to the extinction coefficient), single scattering albedo (SSA), and the scattering phase matrix. 383 

For aerosol particles, these optical properties are computed using a linearized Mie scattering code. 384 

Although dust particles are known to exhibit non-spherical shapes, spherical particle approximation 385 

is commonly adopted in LUT-based radiative transfer simulations to maintain computational 386 

efficiency. The common input parameters shared by the Mie scattering code and the radiative 387 

transfer model include those defining the bimodal log-normal volume size distribution (see Eq. 8), 388 

namely the median radius (r) and variance (𝜎) for both fine and coarse modes, as well as the real 389 

and imaginary parts of the complex refractive index. These microphysical parameters are specified 390 

based on previous studies. The aerosol size distribution and fine-mode fraction (FMF) follow Lee 391 

et al. (2015), while the complex refractive indices are adopted from Chen et al. (Chen et al., 2021b) 392 

for smoke and Zeng et al. (Zeng et al., 2008) for dust, as summarized in Table 1.These parameters 393 

are specified based on the study of Lee et al. (2015), as detailed in Table 1. 394 

d𝑉ሺ𝑟ሻ

dln 𝑟
ൌ෍  

ଶ

௜ୀଵ

𝐶௩,௜

√2𝜋𝜎௜
𝑒
ିଵଶ൬

୪୬ ௥ି୪୬ ௥ೡ೔
ఙ೔

൰
మ

ሺ8ሻ 395 



Here, 𝑟௩௜  and 𝜎  represent the median radius and standard deviation of the bimodal log-normal 396 

volume size distribution, respectively. 397 

Table 1 Microphysical properties of aerosols in forward modeling 398 

Aerosol 
Type 

Complex 
Refractive Index 

𝑟௩ଵ; 𝑟௩ଶ 
ሺ𝜇𝑚ሻ 

𝜎ଵ;𝜎ଶ 
ሺ𝜇𝑚ሻ 

FMF Reference 

Smoke 1.52−0.021i 0.15; 3.25 0.40; 0.75 0.85 (Chen et al., 2021b; 
Lee et al., 2015) 

Dust 1.53−0.008i 0.15; 1.90 0.40; 0.63 0.15 (Lee et al., 2015; 
Zeng et al., 2008) 

 399 

The aerosol vertical distribution is assumed to follow a Gaussian-like profile (Spurr and Christi, 400 

2014), defined as: 401 

𝜏ሺ𝑧ሻ ൌ 𝐾
exp൫െ𝜎ห𝑧 െ 𝑧௣௘௔௞ห൯

ሾ1 ൅ expሺെ𝜎|𝑧 െ 𝑧௣௘௔௞|ሻሿଶ
ሺ9ሻ 402 

where 𝐾 is related to the column aerosol loading; 𝑧௣௘௔௞ represents the height of the AOD peak, i.e., 403 

the ALH; and 𝜎௧ denotes the aerosol layer thickness, which is set to 1.76 km. 404 

For quantitative comparison, the ATLID-based aerosol layer height (𝐴𝐿𝐻஺்௅ூ஽) is derived from 405 

the Level-2 355 nm extinction coefficient profiles following the method of Koffi et al. (2012), using 406 

an extinction-weighted height definition: 407 

𝐴𝐿𝐻஺்௅ூ஽ ൌ
∑  ௡
௜ୀଵ 𝛽௘௫௧,௜𝑍௜
∑  ௡
௜ୀଵ 𝛽௘௫௧,௜

ሺ130ሻ 408 

Where 𝛽௘௫௧,௜ represents the aerosol extinction coefficient (𝑘𝑚ିଵ) at altitude 𝑍௜ for the i-th vertical 409 

layer. The derived 𝐴𝐿𝐻஺்௅ூ஽ corresponds to the altitude where aerosol extinction is most significant, 410 

and its physical meaning is consistent with the quasi-Gaussian vertical distribution assumption  411 

adopted in this study (Chen et al., 2021a). 412 

 413 

The surface reflectance is modeled using the kernel-driven BRDF model coupled within UNL-414 

VRTM(Litvinov et al., 2011; Wang et al., 2014), expressed as: 415 

𝜌ୖሺ𝜇, 𝜇଴,𝛥𝜙, 𝜆ሻ ൌ 𝑓௜௦௢ሺ𝜆ሻ ൅ 𝑓୴୭୪ሺ𝜆ሻ𝐾୴୭୪ሺ𝜇, 𝜇଴,𝛥𝜙ሻ ൅ 𝑓୥ୣ୭ሺ𝜆ሻ𝐾୥ୣ୭ሺ𝜇, 𝜇଴,𝛥𝜙ሻ ሺ101ሻ 416 

Where 𝜇, 𝜇଴ and 𝛥𝜙 denote the solar zenith angle, viewing zenith angle, and relative azimuth angle, 417 

respectively; 𝐾୴୭୪ሺ𝜇, 𝜇଴,𝛥𝜙ሻ  is the volumetric scattering kernel derived from the Ross-Thick 418 

radiative transfer model; 𝐾୥ୣ୭ሺ𝜇, 𝜇଴,𝛥𝜙ሻ  is the geometric kernel derived from the Li-Sparse 419 

geometric-optical model (Wanner et al., 1995). The coefficients 𝑓௜௦௢, 𝑓୴୭୪ and 𝑓୥ୣ୭ are BRDF kernel 420 

weights, obtained as the average values of the corresponding parameters for pixels with AOD > 0.3 421 

from the MCD43A1 product over the study region. For surface polarized reflectance, the 422 

Bidirectional Polarization Distribution Function (BPDF) kernel for land surfaces developed by 423 

Maignan et al.(2009), based on long-term PARASOL observations, is adopted. The kernel function 424 

is given as follows: 425 

𝑓୫ୟ୧୥୬ୟ୬ሺ𝜃,𝜃଴,𝛥𝜙ሻ ൌ
𝐶𝑒ିሺఔା௧௔௡ఊሻ

4ሺ𝜇଴ ൅ 𝜇ሻ
𝑭୰ሺ𝛾,𝑚ሻ ሺ112ሻ 426 

Where 𝐶 is a constant characterizing the surface type; 𝜈 denotes the normalized difference 427 

vegetation index (NDVI), and the values of 𝐶 and 𝜈 are given in Table 2; 𝑚 is the refractive index 428 

of the vegetation canopy, typically set to 1.5. 𝑭୰ሺ𝛾,𝑚ሻ represents the Fresnel reflection matrix with 429 

eight non-zero elements (Kokhanovsky et al., 2015). 430 



 431 

Table 2 Surface model parameters 432 

Surface Type C ν Reference 
Vegetation 6.57 0.62 ሺChen et al., 2021bሻ 
Bare soil 7.29 0.03 ሺChen et al., 2021b; 

Maignan et al., 2009ሻ 

3.3 Sensitivity Analysis and Evaluation of ALH Retrieval 433 

To systematically evaluate the retrievability of ALH under different observational conditions, 434 

this section employs an information content analysis approach to investigate how ALH information 435 

varies with AOD, observation wavelength, and surface reflectance under smoke aerosol conditions. 436 

Fig. 1 presents the two-dimensional distributions of ALH–AOD441–DFS for four spectral bands 437 

(441 nm, 549 nm, 669 nm, and 873 nm) at a scattering angle of 𝜃 ൌ 120°, under different surface 438 

reflectance conditions 𝐴௦ ൌ 0.00, 0.05, 0.20, 0.50. To ensure a physically consistent comparison 439 

among different spectral bands, AOD was specified at 441 nm as the reference aerosol loading 440 

condition. The corresponding AOD values at other wavelengths were calculated using the AE and 441 

used in the radiative transfer simulations (Eck et al., 1999). From the spectral perspective 442 

(comparison by columns), the information content of ALH shows a clear decreasing trend with 443 

increasing wavelength, i.e., 441 nm > 549 nm > 669 nm > 873 nm. Under typical aerosol loading 444 

conditions (AOD = 0.3–1), the DFS at 441 nm generally reaches 0.6–1.0, whereas at 873 nm it is 445 

typically only 0.2–0.5, corresponding to an overall reduction of approximately 40%–70% in 446 

information content. In comparison, the 549 nm and 669 nm bands fall within an intermediate range, 447 

with DFS values around 0.4–0.7. These results indicate that shorter wavelengths have a clear 448 

advantage for ALH retrieval. This behavior is primarily attributed to stronger Rayleigh scattering at 449 

shorter wavelengths, which enhances the sensitivity of the radiative field to changes in atmospheric 450 

vertical structure. In contrast, Rayleigh molecular scattering weakens at longer wavelengths, leading 451 

to a significant reduction in sensitivity to layer height. This finding is highly consistent with 452 

previous studies (Wu et al., 2016), which identified near-ultraviolet and blue bands as the optimal 453 

spectral regions for ALH retrieval using multi-angle polarization measurements. 454 



 455 

Fig. 1. Characteristics of ALH-AOD441-DFS distributions derived from radiance under different 456 

spectral bands and surface reflectance conditions. The simulations were conducted for smoke 457 

aerosols, with AOD441 ranging from 0 to 5 as the common reference aerosol loading parameter. For 458 

all subplots, the x-axis represents AOD441. Rows correspond to wavelengths of 441 nm, 549 nm, 459 

669 nm, and 873 nm, respectively, while columns represent different surface reflectance conditions 460 

(𝐴௦ ൌ 0.00, 0.05, 0.20, 0.50). Colors indicate the DFS values of ALH, ranging from 0 to 1. 461 

 462 

From the perspective of surface reflectance, it exerts a significant suppressing effect on ALH 463 

information content, with clear spectral dependence. The shortwave bands (441 nm and 549 nm) 464 

exhibit remarkable stability: even as surface reflectance 𝐴௦  increases from 0 to 0.50, the DFS 465 

distributions for these bands remain almost entirely saturated (DFS > 0.9). This indicates that, at 466 

short wavelengths, atmospheric scattering dominates over surface reflection, and the extraction of 467 

ALH information is minimally affected by surface background. High sensitivity can thus be 468 

maintained even under low AOD conditions. In contrast, the longer wavelengths (669 nm and 873 469 

nm) show pronounced degradation. As 𝐴௦  increases, the DFS values for these bands decrease 470 

significantly, and the effective sensitivity region under low to moderate aerosol loading (AOD < 471 

1.0) rapidly shrinks. Under dark surface conditions (𝐴௦ ൑ 0.05), regions with DFS > 0.5 can cover 472 

most of the range where AODൎ0.5. However, under high-reflectance surfaces (𝐴௦ ൒ 0.2 ), a 473 

significant information response appears only when AOD > 1.0. This behavior arises from the 474 

competition between atmospheric scattering and surface reflection. At short wavelengths such as 475 

441 nm, both Rayleigh scattering and aerosol scattering cross-sections are large, meaning that most 476 

of the radiance received by the sensor originates from atmospheric scattering rather than surface 477 

reflection. As a result, variations in layer height strongly modulate the signal, and the surface 478 

background is effectively “screened out.” As wavelength increases, atmospheric scattering weakens; 479 

when surface reflectance becomes stronger, its contribution to the total radiance increases, causing 480 

the ALH signal to be increasingly masked by the bright background. Therefore, shortwave bands 481 

are critical for achieving reliable ALH retrievals over high-reflectance land surfaces, whereas longer 482 

wavelengths exhibit a much stronger dependence on aerosol loading. 483 



From the AOD perspective, the DFS exhibits a clear stage-wise behavior along the AOD 484 

dimension. When AOD is low (൏ 0.3), the DFS is close to zero, indicating that layer height 485 

information is difficult to detect. As AOD increases to the range of 0.5–1.5, the DFS rises rapidly, 486 

and under high aerosol loading conditions (൐ 2), the DFS tends to saturate. This pattern suggests 487 

the existence of a distinct aerosol loading threshold for ALH retrieval. When aerosol concentrations 488 

are insufficient, atmospheric scattering signals are weak and surface reflection dominates the total 489 

radiance. As a result, variations in layer height have only a limited impact on top-of-atmosphere 490 

radiation, making it difficult to extract ALH information from the observations. 491 

Along the ALH dimension, the DFS generally shows a slight increase with increasing layer 492 

height, indicating that elevated aerosol layers are easier to detect than near-surface aerosols. This is 493 

because higher-altitude aerosols exert a stronger modulation on the solar radiation path and exhibit 494 

stronger coupling with molecular scattering layers, making the radiance more sensitive to height 495 

variations. In contrast, low-level aerosols are more easily masked by surface reflection contributions, 496 

leading to weaker sensitivity to layer height. 497 

Overall, the information content for ALH retrieval exhibits significant variability across 498 

different observation conditions. Under scenarios characterized by high aerosol loading (AOD > 1), 499 

short wavelengths (൑ 550 𝑛𝑚), and dark surfaces (𝐴௦ ൑ 0.05), the DFS consistently exceeds 0.6, 500 

indicating robust retrieval capability. Conversely, under conditions of low aerosol loading (AOD < 501 

0.3), long wavelengths (൐ 550 𝑛𝑚), and bright surfaces (𝐴௦ ൒ 0.20), the DFS typically falls below 502 

0.3, leading to a substantial increase in retrieval uncertainty. 503 

3.4 Enhancement of ALH Information Content by Polarization under Multi-Viewing Geometries 504 

Under fixed conditions of solar zenith angle (𝑆𝑍𝐴 ൌ 40°) and aerosol optical depth (𝐴𝑂𝐷 ൌ505 

0.3), Figs. 2-6 present the ALH–DFS distributions for different viewing zenith angles (𝑉𝑍𝐴 ൌ506 

0°、20°、40°、60°、80°) and surface reflectance conditions. These figures are used to compare 507 

two observation configurations: radiance-only (I) and combined radiance and polarization (I+P). In 508 

each figure, the upper panels show DFS derived using only radiance, while the lower panels show 509 

DFS derived using both radiance and polarization (I+P). The columns correspond to different 510 

surface reflectance values (𝐴௦ ൌ 0.00, 0.05, 0.20, 0.50 0). Overall, under moderate aerosol 511 

loading conditions (AOD = 0.3), the ALH information content is relatively low when using 512 

radiance-only observations, and it is strongly affected by surface reflectance. Over dark surfaces 513 

(𝐴௦ ൑ 0.05), the DFS still maintains a certain level; however, as surface reflectance increases, the 514 

DFS decreases significantly. In particular, under high-reflectance conditions (𝐴௦ ൌ 0.50 ), the 515 

sensitivity of radiance to layer height is greatly reduced. This indicates that under moderate aerosol 516 

loading, surface reflection exerts a strong masking effect on the scalar radiation field, thereby 517 

weakening the detectability of ALH. 518 



 519 

Fig. 2. Comparison of ALH-DFS distributions under different combinations of observational 520 

information (I vs. I+P) and surface reflectance conditions. The DFS values were calculated by 521 

varying ALH (radial axis: 0–10 km) and RAA (angular axis: 0–180°),, while other parameters were 522 

fixed at with VZA = 0°, SZA = 40°, and AOD = 0.3. The top row shows DFS calculated using 523 

radiance (I) only, while the bottom row shows DFS obtained by combining radiance and polarization 524 

information (I+P). Columns correspond to different surface reflectance values (𝐴௦ ൌ 0.00, 0.05,525 

0.20, 0.50). 526 

 527 

 528 

Fig. 3. Same as Fig. 2, but with VZA = 20°. 529 

 530 

Fig. 4. Same as Fig. 2, but with VZA = 40°. 531 



 532 

Fig. 5. Same as Fig. 2, but with VZA = 60° 533 

 534 

Fig. 6. Same as Fig. 2, but with VZA = 80°. 535 

 536 

After incorporating polarization information (I+P), the information content of ALH is 537 

improved across all viewing geometries, with particularly pronounced enhancements over high-538 

reflectance surfaces. For example, at 𝑉𝑍𝐴 ൌ 40° and 𝐴௦ ൌ 0.50 (comparing Figs. 4(d) and (h)), the 539 

inclusion of polarization increases the DFS from approximately 0.2 to the range of 0.5–0.7, 540 

corresponding to an information gain of about 0.5. This improvement arises from the strong 541 

sensitivity of polarization signals to atmospheric scattering components, which effectively 542 

suppresses the interference from surface reflection. As a result, even under complex background 543 

conditions with 𝐴௦ ൌ 0.20 െ 0.50, the ALH DFS can still be maintained above the retrievability 544 

threshold of 0.5, demonstrating the substantial advantage of incorporating polarization information 545 

in ALH retrieval. 546 

 547 

In addition, DFS exhibits a strong dependence on VZAa pronounced enhancement with 548 

viewing geometry, and this effect becomes more evident when polarization information is included. 549 

As VZA increases from 0° to 80°, the longer atmospheric scattering path enhances the sensitivity 550 

of radiance measurements to aerosol vertical distribution, resulting in increased ALH information 551 

content. Under large viewing angles, intensity-only observations already provide considerable 552 

information due to the enhanced atmospheric path length. However, the additional contribution from 553 

polarization measurements is more pronounced at small viewing angles, where intensity-only 554 

observations provide relatively limited constraints on ALH. By incorporating polarization 555 

information, the DFS is substantially enhanced under these geometries, demonstrating that 556 

polarization measurements provide complementary information beyond radiance observations. 557 



Furthermore, under high surface reflectance conditions (𝐴௦ ൌ 0.50), polarization measurements 558 

help maintain higher DFS values by reducing the impact of surface background effects on ALH 559 

retrieval. 560 

the atmospheric path length is effectively extended, leading to a stronger contribution from 561 

atmospheric scattering. Under the I+P configuration, the high-DFS region (DFS > 0.8, shown in 562 

yellow) associated with large viewing angles (VZA > 40°) expands significantly. Even under 563 

extremely high surface reflectance conditions (𝐴௦ ൌ 0.50), large-angle polarimetric observations 564 

are still able to maintain DFS values above 0.6. This indicates that ALH information content is 565 

jointly controlled by observation geometry and surface reflectance, while polarization information 566 

effectively mitigates the adverse influence of surface background on layer height retrieval.Under 567 

the same retrieval framework and identical aerosol layer conditions, the difference in information 568 

content between multi-angle observations and multi-angle polarimetric observations primarily 569 

arises from their different sensitivities to various scattering components involved in the radiative 570 

transfer process. Multi-angle radiance measurements primarily characterize the integrated radiative 571 

response of the coupled atmosphere–surface system, where the observed signal generally consists 572 

of contributions from surface reflection, aerosol single scattering, and multiple scattering processes. 573 

Under conditions of low AOD or high surface albedo, the surface-reflected component can become 574 

a dominant contributor to the measured radiance, while multiple scattering can obscure the 575 

signatures associated with single-scattering processes. Consequently, when only multi-angle 576 

radiance observations are used, the impact of ALH on the observed signal is mainly manifested 577 

through indirect modulation of radiative path length and scattering geometry. The resulting ALH 578 

sensitivity is relatively weak and can be strongly coupled with other parameters, such as AOD and 579 

surface reflectance, leading to a more ill-posed inverse problem (Dubovik et al., 2011). 580 

In contrast, incorporating polarization information extends the measurement vector from 581 

radiance-only observations to a combined set of radiance and polarization states, thereby 582 

fundamentally altering the sensitivity structure of the observations to aerosol scattering processes. 583 

A key feature of polarized radiance is its enhanced sensitivity to single-scattering processes, 584 

whereas multiple scattering tends to reduce polarization through depolarization effects. Meanwhile, 585 

surface reflection generally contributes much less to polarized signals than to total radiance, 586 

particularly for rough or approximately isotropic surfaces. Therefore, polarization measurements 587 

can substantially reduce the influence of surface background and multiple-scattering contributions, 588 

providing a more direct constraint on aerosol scattering geometry and particle microphysical 589 

properties. 590 

Under these conditions, the impact of ALH on polarization signals is primarily associated with 591 

changes in the scattering-angle distribution and the corresponding photon path geometry of single-592 

scattering processes, resulting in enhanced physical sensitivity to aerosol vertical distribution. In 593 

addition, polarization measurements are more sensitive to the scattering characteristics of small-594 

sized aerosol particles, such as fine-mode smoke aerosols, because particle-scale scattering 595 

processes produce stronger polarization responses. This further improves the detectability of 596 

variations in aerosol vertical structure. Within the optimal estimation framework, the inclusion of 597 

polarization information effectively expands the dimension of the observation vector, transforming 598 

the Jacobian matrix from one based solely on radiance sensitivity into a combined sensitivity matrix 599 



containing both radiance and polarization information. Since radiance and polarization observations 600 

exhibit different response patterns to aerosol and surface parameters, particularly with respect to the 601 

sensitivity relationships among ALH, AOD, and surface reflectance, the combined Jacobian matrix 602 

becomes less correlated, leading to improved parameter separability and increased DFS 603 

(Mishchenko et al., 2007). This enhancement is particularly pronounced under conditions where 604 

parameter coupling is strongest, such as high surface albedo (0.5) and low AOD (0.3). Under these 605 

conditions, radiance measurements are strongly influenced by surface contributions, whereas 606 

polarization measurements retain stronger sensitivity to atmospheric scattering, resulting in 607 

enhanced complementarity between the two observation types. 608 

Overall, the incorporation of polarization information into multi-angle observations is not 609 

simply an increase in the number of measurements, but rather the introduction of an additional 610 

independent information dimension that is more sensitive to single-scattering processes and less 611 

sensitive by surface reflection. By reducing the coupling among aerosol and surface parameters, 612 

polarization observations improve the physical constraint on ALH retrieval. Consequently, the 613 

overall sensitivity to ALH is enhanced, while the dependence of retrieval performance on specific 614 

viewing geometries and surface conditions is reduced, enabling more robust ALH retrievals over a 615 

broader range of surface types and observation geometries. 616 

Overall, the comparison demonstrates that the inclusion of polarization observations introduces 617 

an additional independent physical dimension, which not only significantly enhances the overall 618 

sensitivity to ALH, but also substantially reduces the dependence of the retrieval on specific viewing 619 

geometries and low surface reflectance conditions. As a result, the retrieval algorithm is able to 620 

robustly extract ALH information over a much wider range of surface types and observation angles. 621 

3.5 Impact of Viewing Geometry and Polarization Information on DFS 622 

This subsection compares the effects of the number of viewing angles and observation modes 623 

(I and I+P) on the DFS under different surface reflectance conditions (𝐴௦ ൌ 0.00, 0.05, 0.20,624 

0.50). 625 

As shown in Fig. 7, polarization observations provide a significant enhancement in system 626 

information content. In all simulated scenarios, the DFS values corresponding to the radiance-plus-627 

polarization configuration (red curves, I+P) are consistently higher than those derived from 628 

radiance-only observations (blue curves, I). Quantitatively, for typical configurations with 3–6 629 

viewing angles, the inclusion of polarization information leads to an increase in DFS of 630 

approximately 5%–30%. This enhancement becomes more pronounced over high-reflectance 631 

surfaces (𝐴௦ ൌ 0.50 ), indicating a higher information contribution efficiency of polarization 632 

measurements under bright surface conditions. These results demonstrate that polarization 633 

observations can effectively enhance the sensitivity of atmospheric parameters and, to a certain 634 

extent, suppress the interference caused by surface reflection. 635 

In addition, DFS exhibits a clear saturation tendency with increasing number of viewing angles. 636 

As the number of angles increases from 1 to approximately 5, the DFS under all scenarios undergoes 637 

a rapid growth phase, during which more than 70% of the total information gain is typically achieved. 638 

However, when the number of viewing angles exceeds 6, the slope of the curve decreases markedly 639 

and the growth of information content becomes gradual. This result is consistent with the findings 640 



of Chen et al. (2021b), highlighting the nonlinear nature of information acquisition in multi-angle 641 

observations. These results suggests that multi-angle measurements provide the most significant 642 

information gain at the early stage, whereas beyond a certain number of viewing geometries, the 643 

system approaches information saturation and the marginal benefit of additional angles gradually 644 

diminishes (Gu et al., 2022). 645 

Finally, the complexity of the surface environment imposes a direct constraint on the 646 

information content of the signal. As 𝐴௦ increases from 0 to 0.5, the overall DFS decreases by 647 

approximately 10%–40%, while the shadowed region associated with SZA variations expands 648 

significantly. This indicates that under high-reflectance surfaces (e.g., desert regions), atmospheric 649 

signals are more easily overwhelmed by surface contributions, making the retrieval more sensitive 650 

to observation geometry. Therefore, in such complex surface environments, the incorporation of 651 

combined multi-angle and polarization observations can substantially improve the stability and 652 

robustness of retrieval results. 653 

 654 
Fig. 7. Influence of the number of viewing angles and polarization information on the DFS under 655 

different surface reflectance conditions 𝐴௦. Panels (a)-(d) correspond to surface reflectance values 656 

of 0, 0.05, 0.20, and 0.50, respectively. Red curves represent joint observations of radiance and 657 

polarization (I+P), while blue curves correspond to radiance-only (I) observations. Shaded areas 658 

indicate the variation of DFS due to SZA changes within the range of 25° to 60°. 659 

4 Synergistic ALH Retrieval Method Combining Multi-angle and Polarimetric 660 

Observations 661 

Multi-angle polarimetric remote sensing observations provide important constraints for aerosol 662 

vertical structure retrieval. Unlike traditional passive remote sensing methods that rely solely on 663 

radiance information, polarization signals are primarily generated by atmospheric scattering 664 

processes and exhibit higher sensitivity to aerosol microphysical properties as well as their vertical 665 



distribution. In particular, at short wavelengths, Rayleigh scattering by atmospheric molecules 666 

makes a significant contribution, enhancing the sensitivity of TOA polarization signals to changes 667 

in ALH. 668 

When the ALH varies, the optical thickness of the overlying molecular layer changes 669 

accordingly, which in turn modifies the coupling between Rayleigh scattering and aerosol scattering, 670 

leading to variations in TOA polarized radiance. A higher aerosol layer can partially attenuate or 671 

shield the polarization signal generated by Rayleigh scattering, making the observed polarization 672 

state more sensitive to ALH (Wu et al., 2016). Therefore, polarization observations provide effective 673 

information constraints for ALH retrieval. 674 

Under multi-angle observation conditions, different viewing geometries correspond to 675 

different scattering angles, thereby sampling different portions of the aerosol scattering phase 676 

function and polarization phase function. By jointly exploiting multi-angle radiance and polarization 677 

information, the ability to retrieve aerosol optical properties and their vertical distribution can be 678 

significantly improved. The direct use of the full linear Stokes components (I, Q, and U) preserves 679 

polarization orientation information and provides additional constraints on aerosol scattering 680 

characteristics. 681 

Based on this physical mechanism, this study utilizes multi-angle polarimetric observations at 682 

441 nm to simulate aerosol–molecular coupled scattering processes using a radiative transfer model, 683 

and retrieves ALH through an optimal estimation approach. Unlike operational multi-parameter 684 

aerosol retrieval algorithms, the proposed framework focuses on ALH as the primary retrieval target 685 

and incorporates externally constrained AOD information to reduce parameter coupling and 686 

improve retrieval robustness. 687 

For forward modeling, this study uses the UNL-VRTM radiative transfer model to compute 688 

TOA Stokes parameters under different ALH conditions, including radiance 𝐼 and polarization 689 

components 𝑄 and 𝑈. Circular polarization (Stokes parameter 𝑉) is generally negligible in 690 

atmospheric studies (Gassó and Knobelspiesse, 2022).  691 

To improve computational efficiency, a forward-model LUT is first constructed using the 692 

radiative transfer model, and simulated results corresponding to specific observation geometries are 693 

obtained through multidimensional interpolation. The LUT node settings are provided in Table 3. 694 

Subsequently, a cost function is defined to quantify the discrepancy between simulated and observed 695 

values: 696 
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where the selected wavelength is 441 nm, 𝑁 denotes the total number of multi-angle observations 698 

(here 𝑁 ൌ 10); the subscripts meas and calc represent satellite observations and model simulations, 699 

respectively; 𝜎 denotes the standard deviation. By computing the cost function under different ALH 700 

conditions and identifying the solution that minimizes 𝜒ଶ, the optimally estimated ALH can be 701 

retrieved. 702 

 703 
Table 3 LUT nodes for the forward model 704 

Variable Number of nodes Node 
SZA 8 0°, 10°, … , 70° 



VZA 8 0°, 10°, … , 70° 
RAA 19 0°, 10°, … , 180° 

AOD (550 nm) 8 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 
ALH 8 0, 1, 2, 3, 5, 7, 10, 15 km 

Surface Albedo 5 0, 0.05, 0.1, 0.2, 0.3 

 705 

Table 4 Retrieval errors in ALH as a function of the 𝛿஺ை஽ for the 0.5 and 1.0 AOD conditionsa 706 

(Unit: km). 707 

Error Source Uncertainty  Smoke (ALH=5 km) Dust (ALH=5 km) 
AOD=0.5 AOD=1.0 AOD=0.5 AOD=1.0 

AOD (land) 
+(0.03+20%) −0.30 0.06 −0.41 0.17 
−(0.03+20%) 0.56 0.26 1.29 0.24 

AOD (ocean) 
+(0.03+5%) −0.17 0.02 −0.17 0.07 
−(0.03+5%) 0.26 0.09 0.57 0.09 

aThe relative error of ALH in the table is 𝐴𝐿𝐻௥௘௙ െ 𝐴𝐿𝐻௥௘௧௥௜௩௔௟, and here 𝐴𝐿𝐻௥௘௙ ൌ 5 𝑘𝑚. 708 

To evaluate the impact of AOD uncertainty on ALH retrieval, a sensitivity analysis was 709 

conducted within the LUT-based optimal estimation framework. In this experiment, all other input 710 

parameters, including viewing geometry, surface reflectance, and aerosol model parameters, were 711 

kept unchanged, and only the uncertainty in AOD was considered to examine its propagation into 712 

the retrieved ALH. This setup is intended to mimic the effect of AOD product uncertainties in 713 

practical satellite-based retrievals. 714 

Specifically, two representative aerosol scenarios, i.e., smoke and dust, were selected, with an 715 

ALH of 5 km and AOD values of 0.5 and 1.0 used as baseline conditions. AOD uncertainty was 716 

introduced as േሺ20%𝜏 ൅ 0.03ሻ over land and േሺ5%𝜏 ൅ 0.03ሻ over ocean to represent the typical 717 

uncertainty levels of the VIIRS AOD product. 718 

Table 4 summarizes the median ALH retrieval errors (unit: km) induced by AOD uncertainty 719 

under baseline AOD values of 0.5 and 1.0, calculated across all viewing geometry nodes in the LUT. 720 

The results indicate that AOD uncertainty has a significant impact on ALH retrieval, exhibiting 721 

clear nonlinear and asymmetric characteristics. For the smoke scenario, when AOD = 0.5, positive 722 

uncertainty propagation leads to an ALH error of −0.30 km, while negative uncertainty propagation 723 

increases the error to 0.56 km. When AOD increases to 1.0, the corresponding error range decreases 724 

to −0.06 km to 0.26 km. A similar behavior is observed in the dust scenario, where the ALH error 725 

under low-AOD conditions (0.5) is significantly larger, reaching up to 1.29 km under negative 726 

uncertainty propagation, while it decreases to 0.09–0.24 km when AOD = 1.0. Moreover, the dust 727 

scenario exhibits higher sensitivity to AOD uncertainty. Specifically, under AOD = 0.5 with 728 

negative AOD uncertainty, the ALH error reaches 1.29 km, which is substantially larger than that 729 

in the smoke scenario (0.56 km), indicating a stronger dependence of dust aerosol retrieval on AOD 730 

a priori information. This is consistent with the findings of Lee et al (2015). 731 

In addition, a comparison between different surface conditions shows that the ALH error 732 

induced by AOD uncertainty is generally smaller over ocean than over land. For example, at AOD 733 

= 0.5, the ALH error ranges from −0.17 km to 0.26 km over ocean, compared to −0.41 km to 0.56 734 

km over land. 735 

Overall, the results indicate that the impact of AOD uncertainty on ALH retrieval is most 736 

pronounced under low-AOD conditions, and exhibits clear variations across aerosol types and 737 



uncertainty settings. This highlights that AOD, as a key a priori input parameter, can significantly 738 

affect the stability of ALH retrieval through radiative transfer processes. 739 

5 ALH Retrieval Results and Accuracy Evaluation 740 

To systematically evaluate the reliability of ALH products retrieved from HARP2 multi-angle 741 

polarimetric observations, this study selects six representative aerosol transport cases, including 742 

three biomass burning smoke events over North America and three dust transport events over West 743 

Africa. Smoke aerosols from biomass burning are typically strongly absorbing, and their vertical 744 

distribution is influenced by fire intensity, atmospheric convection, and long-range transport 745 

processes. In contrast, mineral dust aerosols are primarily generated from surface dust emission in 746 

arid and semi-arid regions, and can form large-scale transboundary plumes under the influence of 747 

synoptic circulation and the Saharan Air Layer (SAL). These two aerosol types exhibit pronounced 748 

differences in optical properties, particle size distribution, and vertical structure, providing ideal 749 

cases for evaluating the applicability of the retrieval algorithm under different aerosol conditions. 750 

The selection of these cases was based on multiple objective criteria rather than retrieval 751 

performance. First, all selected events correspond to well-documented and widely studied biomass 752 

burning and dust transport episodes. Second, only cases with simultaneous high-quality 753 

observations from HARP2 and TROPOMI on the same day were retained to ensure reliable cross-754 

sensor comparison. Third, strong aerosol loading conditions, characterized by elevated AOD and 755 

clearly identifiable aerosol plumes in true-color imagery, were prioritized to guarantee sufficient 756 

signal strength for multi-angle polarimetric retrieval. Fourth, scenes with minimal cloud 757 

contamination were selected to reduce uncertainties associated with cloud–aerosol mixing. Finally, 758 

spatially coherent and continuous aerosol plumes within the study region were required to ensure 759 

consistency among different satellite retrieval products. 760 

Based on these selected cases, aerosol transport processes are first identified using VIIRS true-761 

color imagery.First, aerosol transport processes are identified using VIIRS true-color imagery. The 762 

ALH results retrieved from HARP2 are then compared with the TROPOMI Level-2 ALH product, 763 

and further validated against lidar observations from the ATLID instrument onboard the 764 

EarthCARE satellite. By combining case-based analysis with statistical evaluation metrics, the 765 

spatial distribution characteristics and error behavior of different retrieval products are 766 

systematically examined, thereby assessing the performance of HARP2 multi-angle polarimetric 767 

observations in ALH retrieval. 768 

All ALH values used in this study—including the TROPOMI ALH product, ATLID-derived 769 

ALH calculated using extinction-weighted profiles, and HARP2-retrieved ALH—are defined 770 

relative to mean sea level. 771 

5.1 Biomass Burning Smoke Events 772 

In recent years, frequent large-scale wildfires in North America have become a major factor 773 

affecting regional air quality and climate. Large amounts of smoke aerosols generated by fires can 774 

be uplifted into the middle and upper troposphere under strong convection and thermal buoyancy, 775 

and subsequently transported across regions or even intercontinentally by the westerly circulation 776 

(Peterson et al., 2018). The vertical distribution of smoke aerosols directly affects their radiative 777 



forcing and aerosol–cloud interactions; therefore, accurate retrieval of smoke layer height is 778 

essential for understanding their climatic impacts. 779 

The selected smoke casesThis study selects three representative smoke transport events over 780 

North America on May 28, May 30, and June 1, 2025. These cases are designed to capture different 781 

physical stages and vertical evolution characteristics of smoke transport. The selected days cover a 782 

range of scenarios, including multilayer smoke plumes transported in the upper troposphere in late 783 

May, rapid expansion of smoke coverage at the end of May, and lower-tropospheric advection 784 

processes in early June. Such diverse smoke distributions, spanning from upper to lower troposphere 785 

and from local to regional scales, provide an ideal dataset for systematically evaluating the stability, 786 

spatial continuity, and altitude-dependent performance of the retrieval algorithm under complex 787 

atmospheric conditions. 788 

5.1.1 The North American Smoke Event of May 28, 2025 789 

In late May 2025, multiple wildfires occurred in western and central Canada. Under the 790 

influence of prevailing westerly winds and large-scale atmospheric circulation, a substantial amount 791 

of smoke aerosols was transported to the central and eastern regions of North America, forming a 792 

pronounced long-range transport plume. Similar long-range transport of Canadian wildfire smoke 793 

driven by large-scale atmospheric circulation has also been reported in previous studies (Fromm et 794 

al., 2010). The smoke exhibited a multilayer vertical structure within the troposphere, accompanied 795 

by the development of localized deep convective cloud systems. Such complex atmospheric 796 

conditions impose more stringent requirements on passive remote sensing retrievals of ALH. 797 

Therefore, this case provides an effective test for evaluating the robustness and stability of different 798 

retrieval methods under highly complex atmospheric environments. 799 

As shown in Fig. 8(a), a large-scale smoke transport event occurred over North America on 800 

May 28, 2025. The VIIRS true-color imagery clearly reveals a band-shaped smoke plume extending 801 

eastward from western Canada and traversing central Canada. The smoke exhibits a spatially 802 

continuous pattern characteristic of long-range transport. Figs. 8(b–c) show that the ALH retrieved 803 

from HARP2 and the ALH product from TROPOMI exhibit similar spatial distribution patterns, 804 

indicating a general consistency between the two retrieval results in capturing the smoke layer 805 

structure. 806 

 807 

 
  



 
  

 
Fig. 8. Examples of retrieval for smoke cases. The first column presents the corresponding true-808 

color images from VIIRS/Suomi-NPP. The second column displays the HARP2-derived ALH 809 

relative to sea level with the red line representing the EarthCARE track. The third column presents 810 

the TROPOMI Level 2 ALH product. 811 

 812 

 813 

To quantitatively evaluate the retrieval results, Fig. 9(a) presents the ALH comparison along 814 

the EarthCARE orbit. ATLID lidar observations indicate a multilayer aerosol structure in this region, 815 

with smoke aerosol centroid heights primarily distributed in the 4–6 km range, and locally showing 816 

vertically developing aerosol layers. The comparison shows that ALH retrieved from HARP2 (cyan) 817 

is generally consistent with ATLID observations and successfully captures the vertical variability 818 

of the smoke layer. In the latitude range of 52°𝑁 െ 56°𝑁, the HARP2-derived heights are in good 819 

agreement with the smoke layer center height observed by ATLID. In contrast, ALH retrieved from 820 

TROPOMI (magenta) is systematically lower, reaching values of only 1–2 km in some regions, 821 

which is significantly below the smoke layer heights observed by ATLID. 822 

This discrepancy may be attributed to the fact that the TROPOMI retrieval relies on 𝑂ଶ𝐴 band 823 

absorption features, whose sensitivity to ALH is easily affected by highly reflective underlying 824 

surfaces. Under bright surface conditions, strong surface-reflected radiation reduces the effective 825 

atmospheric absorption path length, causing the algorithm to interpret the mixed signal as 826 

originating from a lower atmospheric layer, thereby leading to an underestimation of layer height 827 

(Nanda et al., 2020). In contrast, HARP2 multi-angle polarimetric observations can effectively 828 

suppress surface reflection signals by exploiting the inherent sensitivity of polarization to 829 

atmospheric scattering. Owing to its strong sensitivity to aerosol polarization signatures, HARP2 830 



demonstrates greater robustness in identifying elevated smoke layers under complex surface and 831 

atmospheric conditions. 832 

5.1.2 The North American Smoke Event of May 30, 2025 833 

During the observations on May 30, 2025, a pronounced smoke transport event was again 834 

observed over North America, with the spatial extent of the smoke further expanding and posing 835 

potential impacts on regional radiative balance and air quality. As shown in Fig. 8(d), the smoke is 836 

primarily distributed over central Canada (approximately 100°𝑊 െ 105°𝑊), forming a continuous 837 

zonal plume structure along the north–south direction at higher altitudes. 838 

In the typical smoke region near the EarthCARE ground track, ALH-HARP2 and ALH-839 

TROPOMI exhibit strong spatial consistency (Figs. 8(e–f)), both successfully capturing the 840 

prominent banded smoke plume. In terms of horizontal details, the TROPOMI retrieval shows finer 841 

spatial texture, clearly resolving internal variability within the smoke plume. In regions with high 842 

AOD, strong spectral absorption features provide TROPOMI with robust constraints on layer height. 843 

Further examination of the vertical cross-section in Fig. 9(b) shows that within the latitude 844 

range of 46°𝑁  to 60°𝑁 , the retrievals from both HARP2 and TROPOMI are in good vertical 845 

agreement with ATLID observations, all concentrated around 4 km. This indicates that for dense 846 

smoke layers, both the HARP2 multi-angle polarimetric method proposed in this study and the 847 

TROPOMI 𝑂ଶ𝐴 band method can retrieve ALH with high accuracy and robustness. 848 

 849 

 850 

5.1.3 The North American Smoke Event of June 1, 2025 851 

In early June 2025, continued wildfire activity over North America led to further transport of 852 

smoke aerosols toward the central and eastern United States. In this case, the overall smoke layer 853 

height was relatively low, primarily distributed in the lower and middle troposphere. Such a low-854 

altitude transport scenario provides an important case for evaluating the applicability of retrieval 855 

algorithms across different altitude ranges. 856 

As shown in Figs. 8(h–i), both ALH-HARP2 and ALH-TROPOMI identify a relatively high-857 

value region between 90°𝑊 and 100°𝑊. The HARP2 retrieval indicates that the smoke layer is 858 

mainly distributed within the 2–4 km range, with some areas reaching up to approximately 5 km, 859 

reflecting transport in the lower-to-middle troposphere. In comparison, although the TROPOMI 860 

ALH product successfully captures the spatial extent of the smoke plume, its overall height 861 

estimates are noticeably lower. 862 

Comparison with ATLID vertical profiles (Fig. 9(c)) shows that the main smoke layer is 863 

located between 2–4 km. The HARP2 retrieval is generally consistent with ATLID observations. 864 

However, the TROPOMI retrieval in the latitude range of 37°𝑁 െ 44°𝑁 is biased toward near-865 

surface values, exhibiting a significant systematic underestimation of ALH. 866 

 867 



Fig. 9. Comparison of ALH-HARP2 and ALH-TROPOMI with the corresponding ATLID 868 

measurements for smoke cases on the feature classification curtain plot. Panels (a)-(c) present 869 

comparisons of ALH-HARP2 and ALH-TROPOMI with ATLID in three smoke cases, respectively. 870 

5.2 Dust Transport Events 871 

The Sahara Desert is one of the largest sources of mineral dust in the world, emitting vast 872 

amounts of aerosols to the Atlantic Ocean and West Africa each year. During spring and summer, 873 

under the influence of the SAL and atmospheric systems such as African easterly waves, dust can 874 

be uplifted to altitudes of several kilometers and transported over long distances (Doherty et al., 875 

2008; Prospero et al., 2014). The height of the dust layer not only affects its radiative forcing but 876 

also plays an important role in cloud formation processes. To evaluate the applicability of the 877 

retrieval algorithm under mineral dust conditions, this study selects three representative dust 878 

transport events over West Africa on March 18, May 30, and September 17, 2025. 879 

5.2.1 Near-Coastal Low-Level Dust Transport Event on March 18, 2025 880 



This case occurred along the West African coastal region and represents a typical near-shore 881 

dust transport process. The dust is primarily controlled by near-surface mixing processes and 882 

transport by the northeast trade winds, forming a relatively shallow aerosol layer (approximately 2–883 

4 km) in the land–sea transition zone. This feature is consistent with previous understanding of the 884 

initial stage of SAL transport, in which dust is mainly distributed in the lower to middle troposphere 885 

near the source region and gradually evolves during transport (Kokhanovsky et al., 2015). 886 

As shown in Fig. 10(a), a distinct dust transport band is observed along the West African coast 887 

and adjacent offshore regions, with dust spreading westward from the Sahara toward the Atlantic 888 

Ocean. The HARP2 retrieval results (Fig. 10(b)) identify relatively sparse and discrete ALH pixels 889 

near the ATLID track, with limited spatial coverage and heights mainly concentrated in the 2–4 km 890 

range. In contrast, the TROPOMI product (Fig. 10(c)) provides retrievals over a broader spatial 891 

extent. 892 

From the ATLID profile comparison (Fig. 11(a)), the number of spatially collocated HARP2 893 

pixels is relatively small and scattered, with most values overestimating ALH-ATLID by about 0.5–894 

1 km. TROPOMI captures the general dust layer height in the range of 2–3 km and shows overall 895 

good performance; however, a notable underestimation is observed in the latitude range of 14°𝑁 െ896 

16°𝑁. 897 

5.2.2 West African Dust Transport Event on May 30, 2025 898 

In May, as the Intertropical Convergence Zone (ITCZ) shifts northward, the dust transport 899 

pathway correspondingly migrates to higher latitudes. This transition is governed by large-scale 900 

atmospheric circulation. During this stage, dust is no longer confined to the lower troposphere but 901 

is often injected into higher-altitude warm and dry air masses, forming the typical SAL structure, 902 

with longer transport distances and a broader vertical extent (Xu et al., 2017). 903 

As shown in Fig. 10(d), the true-color imagery reveals a pronounced arc-shaped dust plume 904 

extending from West Africa northwestward over the Atlantic Ocean. Both ALH-HARP2 and ALH-905 

TROPOMI show low values (blue regions) south of 15°𝑁, while consistently capturing elevated 906 

layer heights north of 15°𝑁. Due to its reliance on VIIRS AOD products in the retrieval process, 907 

HARP2 is constrained by the overlap of valid observations between the two datasets. Although it 908 

achieves high accuracy over both land and ocean, its spatial coverage is somewhat more limited 909 

compared to the TROPOMI product. 910 

 911 

  



 

 
  

Fig. 10. Examples of retrieval for dust cases. The first column presents the corresponding true-color 912 

images from VIIRS/Suomi-NPP. The second column displays the HARP2-derived ALH relative to 913 

sea level with the red line representing the EarthCARE track. The third column presents the 914 

TROPOMI Level 2 ALH product. 915 

 916 

Comparison with ATLID lidar observations indicates that the actual dust layer height is mainly 917 

distributed within the 3 – 5 km range. The HARP2 retrieval results fluctuate around the ATLID-918 

derived ALH, demonstrating good overall agreement. This can be attributed to the strong sensitivity 919 

of the 441 nm polarization signal to non-spherical dust particles. Variations in polarization state 920 

enable more effective extraction of single-scattering contributions from the top of the aerosol layer 921 

(Dubovik et al., 2006), thereby significantly correcting the height underestimation commonly 922 

observed in traditional methods under SAL conditions and achieving consistency with ATLID 923 

active measurements. Notably, this bias characteristic has been observed in previous cases and is 924 

further confirmed in this event. In contrast, the TROPOMI product shows strong underestimation 925 

in the latitude range of 14°𝑁 െ 17°𝑁, with retrieved values close to the surface (errors exceeding 2 926 

km). In other regions, a moderate underestimation of about 0.5 km is also observed. This systematic 927 

low bias reflects the limitations of single absorption-band methods in handling optically thick 928 

aerosol layers (Sanders et al., 2015). When strong multiple scattering occurs within the dust layer, 929 

absorption-based techniques alone often struggle to distinguish between the layer top and the 930 

internal centroid height. 931 

 932 



Fig. 11. Comparison of ALH-HARP2 and ALH-TROPOMI with the corresponding ATLID 933 

measurements for dust cases on the feature classification curtain plot. Panels (a)-(c) present 934 

comparisons of ALH-HARP2 and ALH-TROPOMI with ATLID in three dust cases, respectively. 935 

5.2.3 West African Dust Transport Event on September 17, 2025 936 

This case occurred during the late summer to early autumn period, when dust activity over the 937 

Sahara remains active and atmospheric circulation conditions are favorable for the formation of 938 

large-scale SAL transport events. As shown in Fig. 10(g), the true-color imagery reveals extensive 939 

dust transport over the Sahara. The HARP2 retrieval results (Fig. 10(h)) identify elevated ALH in 940 

multiple regions, with some areas reaching approximately 4–6 km. However, the spatial distribution 941 

of these high-ALH regions (e.g., around ሾ10°𝑊, 15°𝑁ሿ and ሾ15°𝑊, 28°𝑁ሿ) is not fully consistent 942 

with the TROPOMI retrievals (Fig. 10(i)). 943 

To further investigate this discrepancy, vertical velocity fields from NCEP–NCAR reanalysis 944 

are used for cross-validation. The mid-tropospheric vertical motion (Fig. 12) indicates a clear 945 

structure of ascending and descending air masses. Specifically, at 12:00 UTC on September 17, 946 

2025 (Fig. 12(a)), a region of positive vertical velocity (𝜔) — indicating subsidence — is observed 947 



over the southwestern part of the study area (approximately െ15 െ 10°𝑊). By 18:00 UTC (Fig. 948 

12(b)), this same region transitions to negative 𝜔, indicating a shift from subsidence to upward 949 

motion. This transition is likely associated with the interaction between the moist, cooler monsoon 950 

flow from the Gulf of Guinea and the hot, dry, dust-laden Harmattan winds from the north.  951 

Their convergence near 15°N forms the Intertropical Discontinuity (ITD), generating strong 952 

updrafts that lifts dust particles from lower altitudes to higher altitudes, forming the elevated dust 953 

layer (4 – 6 km) observed in Fig. 10(h) (Knippertz and Todd, 2012). In another high-value region 954 

(approximately 25 െ 30°𝑁), persistent negative 𝜔 from 12:00 to 18:00 UTC indicates continuous 955 

upward motion, contributing to the elevated dust layer there. Unlike the ITD-driven mechanism at 956 

lower latitudes, this region is influenced by the Canary Current, a cold ocean current that lowers sea 957 

surface temperatures. When extremely hot, dust-laden continental air masses move over the cooler 958 

ocean surface, a strong and stable low-level temperature inversion forms. While this inversion 959 

suppresses vertical motion over the open ocean, the sharp thermal contrast at the coastal boundary 960 

(hot land vs. cool ocean) generates a baroclinic-like effect, inducing strong convective uplift near 961 

the coastline. This process enables dust particles to be transported above the boundary layer into the 962 

free troposphere, reaching altitudes above 4 km. 963 

As shown in Fig. 11(c), ATLID lidar observations indicate that the dust layer is mainly 964 

distributed within the altitude range of approximately 2–4 km, exhibiting a relatively stable structure 965 

along the satellite track. The comparison shows that within the latitude range of 17°𝑁 െ 26°𝑁, the 966 

HARP2 retrieval is able to reproduce the variation of dust layer height with good agreement. The 967 

TROPOMI retrieval shows a slight underestimation of about 0.5 km, but still maintains overall 968 

consistency with ATLID observations. 969 

Overall, across the three dust cases, both passive remote sensing approaches are capable of 970 

capturing the general height range of aerosol layers during West African dust transport events, and 971 

show good agreement with ATLID measurements. In comparison, the HARP2 retrieval 972 

demonstrates better continuity in representing height variations along the ATLID track, whereas the 973 

TROPOMI product has an advantage in spatial coverage. However, TROPOMI results appear more 974 

fragmented in some regions and exhibit localized underestimation in certain areas. 975 

 976 

  



Fig. 12. Spatial distribution of the 700 hPa vertical velocity 𝜔 (Pa/s) at 12:00 UTC (left) and 18:00 977 

UTC (right) on 17 September 2025. The data are from the NCEP/NCAR Reanalysis four-times-978 

daily reanalysis dataset provided by the NOAA Physical Sciences Laboratory 979 

(https://psl.noaa.gov/mddb2/). 980 

5.3 Validation of ALH Retrieval Inversion Results 981 

To further quantitatively evaluate the accuracy of ALH retrieved from HARP2 multi-angle 982 

polarimetric observations, this study performs point-by-point collocation comparisons with ATLID 983 

lidar measurements. ATLID provides aerosol vertical profiles with high vertical resolution and is 984 

therefore widely regarded as a reliable reference for validating passive remote sensing retrievals. 985 

For quantitative comparison, the ATLID-based aerosol layer height (𝐴𝐿𝐻஺்௅ூ஽) is derived from the 986 

Level-2 355 nm extinction coefficient profiles following the method of Koffi et al. (2012), using an 987 

extinction-weighted height definition: 988 

𝐴𝐿𝐻஺்௅ூ஽ ൌ
∑  ௡
௜ୀଵ 𝛽௘௫௧,௜𝑍௜
∑  ௡
௜ୀଵ 𝛽௘௫௧,௜

ሺ13ሻ 989 

Where 𝛽௘௫௧,௜  represents the aerosol extinction coefficient (𝑘𝑚ିଵ) at altitude 𝑍௜  for the i-th 990 

vertical layer. The derived 𝐴𝐿𝐻஺்௅ூ஽ corresponds to the altitude where aerosol extinction is most 991 

significant, and its physical meaning is consistent with the quasi-Gaussian vertical distribution 992 

assumption adopted in this study (Chen et al., 2021a). 993 

During the collocation process, HARP2 and TROPOMI pixels are first spatially matched with 994 

the ATLID ground track, and the data are then aggregated within a 10 km × 10 km window to reduce 995 

the impact of spatial scale mismatches. Subsequently, a set of statistical metrics — including Root 996 

Mean Square Error (RMSE), Mean Bias (MB), Mean Absolute Error (MAE), correlation coefficient 997 

(R), and the proportion of errors within 1 km — is calculated to comprehensively evaluate the 998 

retrieval performance. Tables 4 5 and 5 6 summarize the statistical error characteristics for each 999 

case and under different aerosol types, respectively. Fig. 13 presents the scatterplot comparison 1000 

based on pixel-level collocation, while Fig. 14 illustrates the error distribution of the matched data 1001 

pairs. 1002 

First, Table 4 5 presents the statistical comparison between HARP2 and TROPOMI retrievals 1003 

and ATLID observations for the six selected cases. For the three smoke cases, the RMSE of HARP2 1004 

retrievals is 1.25 km, 1.06 km, and 1.10 km, respectively, which is consistently lower than that of 1005 

TROPOMI (1.65 km, 1.29 km, and 1.55 km). Meanwhile, the mean bias of HARP2 remains close 1006 

to zero across all cases, whereas TROPOMI exhibits a systematic negative bias of approximately 1007 

−1 km in all three cases, indicating a general underestimation of smoke layer height. In terms of the 1008 

proportion of retrievals with errors smaller than 1 km, HARP2 achieves values of 48.33%, 58.68%, 1009 

and 50.00% for the three smoke events, respectively, which are significantly higher than those of 1010 

TROPOMI (24.24%, 40.74%, and 15.71%). These results further demonstrate that HARP2 provides 1011 

higher retrieval accuracy under smoke conditions. For the three dust cases, the RMSE of HARP2 is 1012 

1.09 km, 0.96 km, and 0.75 km, respectively, which is generally lower than the corresponding 1013 

TROPOMI values of 1.32 km, 1.55 km, and 0.94 km. In addition, HARP2 shows relatively small 1014 

biases, with slight positive bias observed in some cases, while TROPOMI consistently exhibits a 1015 

pronounced negative bias across all dust events. In particular, for the dust event on September 17, 1016 



2025, HARP2 achieves an RMSE of only 0.75 km, with the proportion of errors within 1 km 1017 

reaching 84.51%, demonstrating superior retrieval performance. 1018 

 1019 

Table 4 5 Comparison of ALH-HARP2, ALH-TROPOMI and ATLID observations for each case 1020 

Aerosol 
Type 

Date Method Number  RMSE 
(km) 

MB 
(km) 

MAE 
(km) 

Percentage 
(error < 1 km) 

Smoke 

2025/05/28 
HARP2 60 1.25 -0.05 1.05 48.33% 

TROPOMI 66 1.65 -1.27 1.51 24.24% 

2025/05/30 
HARP2 121 1.06 -0.48 0.86 58.68% 

TROPOMI 81 1.29 -0.96 1.10 40.74% 

2025/06/01 
HARP2 80 1.10 -0.19 0.84 50.00% 

TROPOMI 140 1.55 -1.33 1.39 15.71% 

Dust 

2025/03/18 
HARP2 38 1.09 0.08 0.86 55.26% 

TROPOMI 99 1.32 -0.98 1.10 53.53% 

2025/05/30 
HARP2 112 0.96 0.35 0.73 75.00% 

TROPOMI 159 1.55 -1.26 1.44 25.79% 

2025/09/17 
HARP2 71 0.75 0.08 0.59 84.51% 

TROPOMI 130 0.94 -0.78 0.81 67.69% 

 1021 

On the basis of individual case statistics, Table 5 6 further summarizes the overall retrieval 1022 

performance across all cases, as well as for smoke and dust events separately. For all cases combined, 1023 

the HARP2 retrieval achieves an RMSE of 1.03 km, which is notably lower than that of TROPOMI 1024 

(1.40 km), with a near-zero mean bias (−0.07 km). The obtained RMSE of 1.03 km is comparable 1025 

to the theoretical HARP2 ALH retrieval uncertainty (~0.94 km) reported by Gao et al. 1026 

(2023){Citation}, indicating good consistency between the validation results of this study and the 1027 

expected retrieval performance of HARP2-based ALH observations. In contrast, TROPOMI 1028 

exhibits an overall systematic underestimation of approximately 1 km. For the smoke cases, the 1029 

RMSE of HARP2 is 1.12 km, compared with 1.51 km for TROPOMI. Meanwhile, TROPOMI 1030 

shows a pronounced negative bias (−1.26 km) under smoke conditions, further indicating its 1031 

tendency to underestimate ALH in elevated smoke plumes. For the dust cases, HARP2 achieves an 1032 

RMSE of 0.92 km, significantly lower than the 1.31 km obtained from TROPOMI. In addition, the 1033 

mean bias of HARP2 is 0.22 km, close to zero, whereas TROPOMI still exhibits a systematic 1034 

negative bias of approximately −1 km. 1035 

To more intuitively illustrate the relationship between retrieval results and ATLID observations, 1036 

Fig. 13 presents scatterplots comparing ALH retrieved from HARP2 and TROPOMI against ATLID 1037 

measurements. Overall, both passive remote sensing retrievals show a positive correlation with 1038 

ATLID observations; however, they exhibit different characteristics in terms of statistical 1039 

performance. In general, the HARP2 retrievals are closer to the 1:1 consistency line and exhibit 1040 

lower dispersion, resulting in a smaller RMSE, which indicates better agreement with ATLID in 1041 

terms of absolute layer height values. In contrast, TROPOMI retrievals show higher correlation 1042 

coefficients, suggesting stronger capability in capturing the relative variability and spatial–temporal 1043 

patterns of ALH. When analyzed by aerosol type, the smoke cases show that HARP2 retrievals 1044 

achieve a good linear correlation with ATLID (𝑅 ൌ 0.75), while TROPOMI exhibits an even higher 1045 

correlation (𝑅 ൌ 0.93). However, TROPOMI also shows a pronounced negative bias (bias = −1.26 1046 

km), indicating systematic underestimation of smoke layer height in most conditions, which leads 1047 

to a relatively larger RMSE. For dust cases, the correlation of both methods decreases to some extent, 1048 



which may be associated with the non-spherical nature and more complex scattering properties of 1049 

mineral dust particles. 1050 

 1051 

Table 5 6 Summary of ALH retrieval comparison across all cases, smoke events, and dust events 1052 

Aerosol Type Method Number RMSE 
(km) 

MB 
(km) 

R 

All 
HARP2 482 1.03 -0.07 0.68 

TROPOMI 675 1.40 -1.13 0.85 

Smoke 
HARP2 261 1.12 -0.31 0.75 

TROPOMI 287 1.51 -1.26 0.93 

Dust 
HARP2 221 0.92 0.22 0.40 

TROPOMI 388 1.31 -1.03 0.42 

 1053 

Additionally, to analyze the differences between the two retrieval methods and ATLID 1054 

observations from the perspective of error statistics, Fig. 14 presents histograms of ALH differences 1055 

relative to ATLID, together with their statistical characteristics. As shown in Fig. 14(a), for all cases, 1056 

the error distribution of ALH-HARP2 is more concentrated around zero (mean = −0.07 km, median 1057 

= −0.08 km), indicating good overall consistency with the reference. In contrast, ALH-TROPOMI 1058 

exhibits a clear negative bias, with the distribution shifted toward negative values and a median 1059 

significantly below zero. For the smoke cases (Fig. 14(b)), ALH-HARP2 shows a relatively larger 1060 

dispersion (Std = 1.07 km), which may be attributed to the increased complexity of viewing 1061 

geometry dependence and the amplification of random errors introduced during multi-source data 1062 

coupling. Nevertheless, the proposed method does not exhibit a systematic underestimation for 1063 

high-altitude smoke layers, demonstrating better physical consistency. In comparison, ALH-1064 

TROPOMI shows a highly concentrated negative deviation, indicating relatively stable retrieval 1065 

behavior under strong absorption constraints, but with a persistent systematic low bias in elevated 1066 

aerosol conditions. For the dust cases (Fig. 14(c)), both methods perform better than in smoke 1067 

scenarios, which may be related to differences in the physical and optical properties of the two 1068 

aerosol types. In general, smoke particles are typically smaller and more nearly spherical, exhibiting 1069 

stronger polarization scattering signatures in the visible range, which is theoretically more favorable 1070 

for polarimetric retrieval. In contrast, coarse-mode mineral dust particles are highly non-spherical 1071 

and exhibit weaker polarization signals, reducing the sensitivity of polarization measurements to 1072 

coarse dust properties (Kalashnikova et al., 2011). However, dust events often present relatively 1073 

well-defined layered structures, such as the SAL, where aerosol concentration exhibits a clear 1074 

vertical gradient. This structural feature facilitates the retrieval of ALH or centroid height. In 1075 

contrast, smoke aerosols are often associated with multilayer structures or mixing with cloud layers, 1076 

and their strong absorption further complicates radiative transfer processes. These factors increase 1077 

retrieval uncertainty and lead to a relatively larger dispersion in smoke-related retrieval results. 1078 

Overall, in the validation against ATLID lidar observations, the ALH retrieved from HARP2 1079 

multi-angle polarimetric measurements shows generally good agreement with ATLID observations. 1080 

For both smoke and dust aerosol cases, the HARP2 retrievals are able to capture the spatial 1081 

variability of ALH and exhibit relatively small errors and stable statistical characteristics in most 1082 

cases. This indicates that multi-angle polarimetric observations contain substantial information 1083 

content for resolving aerosol vertical structure and have strong potential for ALH retrieval. In 1084 



contrast, the intercomparison results show that the TROPOMI ALH product exhibits a certain 1085 

degree of systematic underestimation in some cases, although it remains well correlated with 1086 

ATLID observations overall. This suggests that the product is robust in capturing the variability of 1087 

ALH. As an operational global aerosol height product, TROPOMI benefits from its wide swath 1088 

coverage and stable observational capability, making it valuable for global aerosol monitoring and 1089 

long-term variability studies. It should be noted that although the HARP2 multi-angle polarimetric 1090 

approach demonstrates relatively high accuracy in ALH retrieval, the results are still affected by 1091 

uncertainties in aerosol optical model assumptions, surface reflectance parameterization, and 1092 

viewing geometry. In complex aerosol environments, these factors may introduce additional 1093 

uncertainties. Future work could further improve the stability and applicability of ALH retrievals 1094 

by introducing more refined aerosol optical models, improving surface reflectance 1095 

parameterizations, and incorporating multi-source satellite observations for joint constraints. 1096 

Overall, the two passive remote sensing approaches have complementary strengths. HARP2 1097 

multi-angle polarimetric observations provide higher information content and show potential 1098 

advantages in detailed characterization of aerosol vertical structure, while the TROPOMI product 1099 

plays an important role in long-term, stable global aerosol monitoring. Together, they can provide 1100 

more reliable data support for studies of aerosol three-dimensional structure and its climatic impacts. 1101 

 1102 

Fig. 13. Comparison of the ALH-HARP2, ALH-TROPOMI with the corresponding ALTID in all 1103 

cases on a pixel-by-pixel measurement value. (a) Scatter plots of matched ALH-HARP2 (orange 1104 

markers) and ALH-TROPOMI (blue markers) against ATLID observations, including all matched 1105 

pixel pairs from all cases. (b) Same as (a), but only including the smoke aerosol cases. (c) Same as 1106 

(a), but only including the dust cases. The dashed lines in the scatter plots represent the linear 1107 

regression fits. The one-to-one reference line (black solid line), the number of samples (N), the 1108 

linear regression equation, and the correlation coefficient (R) are also indicated in the figure. Error 1109 

bars for both the retrieved ALH and the ATLID-observed ALH represent the standard deviation of 1110 

values aggregated within a 10 km × 10 km spatial window. 1111 

Fig. 14. Histograms and statistical metrics of the differences between ALH-HARP2, ALH-1112 

TROPOMI, and ATLID observations at the co-located are presented. The statistics include the total 1113 



number of data points (N), mean, standard deviation (Std), and median, with the dashed line 1114 

representing the median value. Panel (a) includes all cases, while Panels (b) and (c) correspond to 1115 

smoke and dust cases, respectively. 1116 

6 Conclusion 1117 

This study systematically investigates the information contribution of multi-angle polarimetric 1118 

observations to aerosol vertical structure retrieval from the perspective of expanding observational 1119 

information dimensions, and develops an ALH retrieval method based on HARP2 multi-angle 1120 

polarimetric measurements. Through radiative transfer simulations, information content analysis, 1121 

and typical case studies, the potential advantages of multi-angle polarimetric observations in ALH 1122 

retrieval are comprehensively evaluated. 1123 

First, the response characteristics of TOA Stokes vectors are analyzed using radiative transfer 1124 

simulations, and the observability of ALH is systematically assessed through information content 1125 

analysis. The results indicate that, compared with single radiance measurements, the introduction 1126 

of linear polarization components significantly enhances the sensitivity of observations to variations 1127 

in aerosol vertical distribution. The direct utilization of the full linear Stokes components (I, Q, and 1128 

U) provides additional constraints by preserving polarization orientation information, thereby 1129 

improving the characterization of aerosol scattering properties relevant to ALH retrieval. At the 441 1130 

nm wavelength, the polarization signal exhibits strong sensitivity to the scattering phase function 1131 

structure and aerosol particle size characteristics, thereby improving the identifiability of the ALH 1132 

parameter to some extent. Furthermore, DFS analysis demonstrates that multi-angle polarimetric 1133 

joint observations can effectively increase the information content of the observation system for 1134 

ALH. Both the increase in the number of viewing angles and the inclusion of polarization 1135 

information significantly enhance the degrees of freedom of the retrieval system, thereby providing 1136 

stronger physical constraints for stable ALH retrieval. 1137 

Based on this, this study develops an ALH retrieval method incorporating multi-angle 1138 

polarimetric observations and validates the method using HARP2 measurements. Six typical cases, 1139 

including North American wildfire smoke events and West African dust transport events, are 1140 

selected for analysis. The spatial distributions of the retrieval results are examined and compared 1141 

with the TROPOMI ALH product and ATLID lidar observations. The case study results show that, 1142 

for both smoke and dust aerosol scenarios, the HARP2 retrievals are able to capture the main altitude 1143 

range of aerosol layers and are generally consistent with ATLID observations over most regions. In 1144 

high-altitude smoke transport events, HARP2 successfully resolves smoke layers within the 4 – 6 1145 

km range, whereas the TROPOMI product exhibits significantly underestimation in certain regions. 1146 

For dust events, both methods are able to identify ALH associated with typical SAL structures, 1147 

while HARP2 shows better continuity in representing local vertical variations. 1148 

Further statistical analysis based on 482 collocated samples indicates that the HARP2 retrievals 1149 

achieve an RMSE of 1.03 km, significantly lower than the 1.40 km obtained from TROPOMI, with 1150 

a near-zero mean bias (−0.07 km), demonstrating better overall consistency. The achieved RMSE 1151 

of 1.03 km is comparable to the theoretical HARP2 ALH retrieval uncertainty (0.94 km) reported 1152 

by Gao et al. (2023), further supporting the reliability of the proposed retrieval framework. For 1153 

smoke cases, HARP2 yields an RMSE of 1.12 km compared to 1.51 km for TROPOMI, which also 1154 



exhibits a systematic negative bias of approximately −1.26 km. For dust cases, HARP2 achieves an 1155 

RMSE of 0.92 km, again outperforming TROPOMI (1.31 km). Scatterplot comparisons and error 1156 

distribution analyses further indicate that HARP2 retrievals are overall closer to the consistency 1157 

reference line defined by ATLID, whereas TROPOMI, despite showing relatively high correlation, 1158 

still exhibits a pronounced negative bias in its retrieval results. 1159 

Overall, this study demonstrates that multi-angle polarimetric observations can effectively 1160 

enhance the physical constraints of ALH retrieval by increasing the dimensionality of observational 1161 

information. The ALH retrieval method developed based on HARP2 observations shows good 1162 

accuracy and stability in both smoke and dust aerosol scenarios, providing a promising approach 1163 

for obtaining aerosol vertical structure information from passive remote sensing. However, it should 1164 

be noted that the current algorithm is based on a single-layer aerosol assumption. Under multilayer 1165 

aerosol conditions, the retrieved ALH should be interpreted as an extinction-weighted height of the 1166 

combined aerosol column, rather than the height of individual aerosol layers. As a result, the method 1167 

cannot explicitly resolve vertically separated aerosol layers. Future work could address this 1168 

limitation by incorporating multi-angle stereo parallax information, polarimetric constraints, and a 1169 

priori vertical structure information from active lidar observations, in order to improve the capability 1170 

for distinguishing multiple aerosol layers. In addition, further improvements in retrieval robustness 1171 

and physical consistency may be achievedFuture work could further improve the stability and 1172 

applicability of ALH retrieval by refining aerosol optical models, optimizing surface reflectance 1173 

parameterizations, and integrating multi-source satellite observations within a joint retrieval 1174 

framework.for joint retrievals, thereby achieving more robust estimates of ALH. 1175 
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