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Abstract. Here, we present the first evaluation of the PACE/SPEXone aerosol layer height (ALH) products over oceanic 18 

regions, assessing retrievals from the two independent algorithms and their products, RemoTAP and FastMAPOL, against 19 

aerosol layer heights derived from EarthCARE/ATLID. The ATLID aerosol layer heights are calculated using a center-of-20 

mass (COM) approach applied to aerosol extinction profiles. The selected oceanic regions provide insight on the 21 

PACE/SPEXone ALH retrieval performance, highlighting its sensitivity to the aerosol optical depth (AOD) loading and the 22 

aerosol vertical structure. Better agreement is observed over the Mediterranean region, where dust and mixed-dust aerosol 23 

types dominate. The RemoTAP and FastMAPOL retrievals show correlation coefficients of R = 0.30 and R = 0.60, with 24 

corresponding mean absolute errors of 1.12 and 1.07 km, respectively. Conversely, weaker correlations are found over the 25 

South Atlantic and Indian Ocean regions. Overall, global statistics indicate moderate agreement between SPEXone and ATLID 26 

ALH products, showing the dependence on the aerosol vertical distribution. We conclude that improved consistency is found 27 

for cases with strong agreement between SPEXone and EarthCARE AOD retrievals, particularly under higher aerosol loading 28 
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conditions (AOD > 0.1). We further examine the impact of different ALH definitions by applying alternative Gaussian-fit 29 

approaches to the ATLID profiles, which leads to a slight improvement in the agreement between active and passive ALH 30 

estimates.  31 

1 Introduction 32 

The knowledge of aerosol vertical distribution and its impact on radiation and cloud formation is fundamental for 33 

understanding aerosol-cloud interactions and accurately representing their impacts within the Earth system. Aerosol Layer 34 

Height (ALH) is commonly defined as the altitude at which aerosol extinction reaches its maximum or where the aerosol 35 

loading is most concentrated within the atmospheric column. Accurate characterization of ALH is therefore essential because 36 

aerosol altitude strongly influences radiative forcing, atmospheric stability, long-range transport, and the retrieval of aerosol 37 

optical properties such as aerosol optical depth (AOD) and single-scattering albedo (SSA) (Zhang et al., 2013).  38 

In recent years, satellite remote sensing has become an essential tool for globally monitoring aerosol vertical distributions. 39 

Passive satellite sensors offer broad spatial and temporal coverage but are inherently less sensitive to aerosol vertical 40 

distribution than active sensors. Consequently, ALH has not traditionally been a primary retrieval product from passive remote 41 

sensing instruments. Nevertheless, passive retrieval techniques that exploit measurements within atmospheric oxygen 42 

absorption bands, particularly the O₂ A and B bands, where photon path lengths are modified by scattering aerosols, provide 43 

sensitivity to aerosol altitude (Xu et al., 2024; de Graaf et al., 2025). Moreover, recent advances in multi-angle polarimetric 44 

observations have significantly improved the capability of passive sensors to retrieve ALH. NASA’s Plankton, Aerosol, Cloud, 45 

ocean Ecosystem (PACE) mission represents a major advancement in this area through the Spectro-polarimeter for Planetary 46 

Exploration (SPEXone) providing multi-angle polarimetric measurements, which retrieves ALH from combined 47 

measurements of radiance and polarization in the near-UV where an elevated aerosol layer shields the polarization signal from 48 

molecular scattering (Wu et al., 2026). Together with the Ocean Color Instrument (OCI) and the Hyper-Angular Rainbow 49 

Polarimeter 2 (HARP2) polarimeter, PACE provides also enhanced observations of aerosol optical and microphysical 50 

properties (Hasekamp et al., 2019; Werdell et al., 2019; Gao et al., 2023), enabling more comprehensive investigations of 51 

aerosol-radiation interactions and their role in the Earth system.  52 

To assess the accuracy of the passive ALH retrievals, independent active measurements from spaceborne lidars are required. 53 

The European Space Agency (ESA) Earth Cloud Aerosol and Radiation Explorer (EarthCARE) mission provides such 54 

capability through the high-spectral-resolution lidar (HSRL) Atmospheric Lidar (ATLID), which directly measures the vertical 55 

distribution of aerosols and clouds using backscattered laser light with high vertical resolution (Wandinger et al., 2023). Unlike 56 

passive techniques, lidar observations can resolve multiple aerosol layers and elevated dust or smoke plumes, making 57 

EarthCARE/ATLID an ideal reference for evaluating passive aerosol height products. Aerosol layers can be derived either 58 

directly from the A-ALD product (Wandinger et al., 2023) or indirectly calculated from the A-EBD products. The aerosol 59 

layer height can be estimated from the backscatter profile using either the backscatter-weighted height or the cumulative 60 
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extinction method, both of which have been applied in previous studies using observations from the Cloud-Aerosol Lidar and 61 

Pathfinder Satellite Observations (CALIPSO) space platform (de Graaf et al., 2025; Kim et al., 2025). Since the A-ALD 62 

product has not yet been fully evaluated, the latter, more robust approach is adopted in this study. 63 

Previous studies comparing ALH retrievals from passive satellite sensors with active ground-based and spaceborne lidar 64 

observations have highlighted both the capabilities and the limitations of passive remote sensing techniques in accurately 65 

characterising aerosol vertical distributions. The study of Kim et al., 2025, for example, evaluates ALH retrievals from the 66 

passive satellite sensors GEMS, EPIC, and TROPOMI using CALIOP lidar-derived aerosol optical centroid height (AOCH) 67 

as a reference, focusing on dust and smoke cases under favourable observational conditions. Results show that EPIC and 68 

TROPOMI ALH retrievals are strongly correlated with CALIOP but tend to overestimate aerosol height, while GEMS shows 69 

lower bias but weaker consistency; retrieval agreement generally improves for strongly absorbing aerosol conditions with 70 

higher UV aerosol index values. Michailidis et al. (2023), showed that the TROPOMI ALH product (for UV Aerosol Index > 71 

0) is generally consistent with lidar observations from the European Aerosol Research Lidar Network (EARLINET; 72 

https://www.earlinet.org/) over the Mediterranean Basin, exhibiting strong agreement over ocean scenes (R = 0.82), while 73 

systematically underestimating aerosol layer altitudes over land. Moreover, de Graaf et al. (2025), showed that the updated 74 

TROPOMI ALH retrieval showed substantially improved agreement with CALIOP weighted extinction heights over both land 75 

and ocean, reducing the mean bias from approximately −1.9 to −0.9 km over land and from −0.8 to +0.1 km over ocean. The 76 

study of Xu et al. (2024), investigated the capability of the PACE/OCI to retrieve ALH using measurements in the oxygen A 77 

and B absorption bands, showing that the O₂ A band provides the strongest sensitivity to aerosol altitude over the ocean. 78 

Validation using CALIOP lidar observations demonstrated good agreement for both smoke and dust cases, with retrieval 79 

uncertainties of 0.49 km and 0.31 km, respectively, indicating that OCI can provide reliable ALH products with well-80 

characterised uncertainties. 81 

Before drawing conclusions regarding the agreement or disagreement between the retrievals, it is important to emphasize that 82 

there is currently no standardized nomenclature for ALH products across the different satellite sensors and retrieval algorithms. 83 

Although several products are intended to characterize the vertical distribution of atmospheric aerosols, they often represent 84 

different physical quantities, such as aerosol layer height, aerosol layer top height, aerosol layer base height etc. Moreover, the 85 

retrieval definitions and methodologies vary depending on the observing technique (e.g., passive or active remote sensing) and 86 

the underlying retrieval algorithm. As a result, products with similar names may not be directly comparable, while differently 87 

named products may represent closely related quantities. This lack of harmonized nomenclature can lead to misinterpretation 88 

when comparing the aerosol height products, highlighting the need for careful consideration of the specific quantity represented 89 

by each dataset. 90 

The aim of this study is to assess the consistency of ALH retrievals between PACE/SPEXone and EarthCARE/ATLID under 91 

collocated measurement conditions. Specifically, the retrievals produced by the two independent retrieval PACE/SPEXone 92 

algorithms, i.e., Fast Multi-Angle Polarimetric aerosol retrieval (FastMAPOL; Gao et al, 2026) and Retrieval of Microphysical, 93 

Optical, and Trace-gas Aerosol Properties (RemoTAP; Fu et al, 2026), are evaluated against the EarthCARE-derived ALH. 94 
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As a high-spectral-resolution lidar, ATLID provides vertically resolved aerosol extinction profiles, enabling ALH to be derived 95 

from the aerosol extinction distribution, which represents a major advancement for the evaluation of satellite-based ALH 96 

retrievals.  97 

The paper outlines the dataset processed and the comparison approach in Sect. 2, followed by the overall statistical comparison 98 

between PACE/SPEXone and EarthCARE/ATLID aerosol layer height (ALH) retrievals over global oceanic regions in Sect. 99 

3. Lastly, the conclusions and discussions are provided in Sect. 4. 100 

2 Data and Methodology 101 

2.1 PACE/SPEXone algorithms and dataset 102 

Launched in February 2024, NASA’s Plankton, Aerosol, Cloud, and ocean Ecosystem (PACE) mission extends long-term 103 

observations of ocean color, aerosols, and clouds for Earth system and climate research (Remer et al., 2019; Werdell et al., 104 

2019, 2024). Its primary instrument, the OCI instrument, measures reflected solar radiation from the ultraviolet (UV) to 105 

shortwave-infrared (SWIR), while the Hyper-Angular Rainbow Polarimeter 2 (HARP2; McBride et al., 2019) and Spectro-106 

polarimeter for Planetary Exploration (SPEXone; Hasekamp et al., 2019; Rietjens et al., 2019, 2021) provide multi-angle 107 

measurements of light intensity and polarization, supporting improved aerosol characterization and ocean remote sensing. The 108 

PACE/SPEXone ALH Level-2 aerosol products used in this study are generated by two independent retrieval algorithms, 109 

FastMAPOL and RemoTAP, both of which provide ALH as a Level-2 geophysical variable: 110 

● The FastMAPOL (Fast Multi-Angle Polarimetric Ocean coLor retrieval algorithm) Level-2 Regional Aerosol Over 111 

Ocean product provides aerosol optical and microphysical properties together with ocean-related quantities. It is 112 

designed to provide computationally efficient retrievals of aerosol microphysical and optical properties from the 113 

multi-angle spectropolarimetric observations (Gao et al., 2023; 2026). The algorithm exploits the high information 114 

content of polarized measurements to retrieve key aerosol properties, including aerosol optical thickness, single-115 

scattering albedo, fine-mode fraction, Ångström exponent, effective radius and variance, refractive index, spherical 116 

fraction, aerosol volume density, particle size distribution, and aerosol layer height. 117 

● The RemoTAP (Retrieval of Microphysical, Optical, and Trace-gas Aerosol Properties) Level-2 Regional Ocean 118 

product provides a range of aerosol optical and microphysical quantities, including spectral aerosol optical thickness, 119 

single-scattering albedo, particle size information, refractive index, and aerosol layer height. RemoTAP is an 120 

advanced inversion algorithm that simultaneously retrieves aerosol optical and microphysical properties by fitting 121 

measured radiance and polarization signals with radiative transfer simulations (Fu et al., 2025; 2026). 122 

In the following analysis, the Version 3 products PACE_SPEXONE_L2_MAPOL_OCEAN_V3 and 123 

PACE_SPEXONE_L2_AER_RTAPOCEAN_V3, from FastMAPOL and RemoTAP, respectively, are used. The 124 

corresponding ALH variables are compared with independent aerosol height information derived from EarthCARE/ATLID 125 

observations.  126 
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2.2 EarthCARE processors and dataset 127 

In this study, we use the independent measurements of the EarthCARE Level-2A profiling products derived from the 128 

Atmospheric Lidar (ATLID), the high-spectral-resolution and polarization lidar operating at 355 nm onboard the EarthCARE 129 

satellite. Our analysis focuses exclusively on the geophysical quantities retrieved from ATLID using the A-PRO (ATLID 130 

Profile; Donovan et al., 2024) and A-LAY (ATLID Layer Products; Wandinger et al., 2023) processors.  Specifically, we use 131 

products generated with Baseline BA and later, corresponding to the version of the ESA EarthCARE processing chain used to 132 

reprocess the complete EarthCARE dataset acquired between August 2024 and September 2025.  133 

The ATLID (A-) products we use herein to calculate the ALH are the following: 134 

● A-EBD profiling product (ATLID Extinction, Backscatter, and Depolarization; ECA_EXB*_ATL_EBD_2B). A-135 

EBD applies an advanced optimal estimation (OE) scheme to derive the extinction coefficient and the lidar ratio 136 

profiles (along with other variables) that fit the high-resolution observations (at 1-km horizontal scale). The 137 

geophysical products (i.e., backscatter, extinction, lidar and depolarization ratio profiles of aerosol and clouds) are 138 

delivered at 3 different resolutions (low, medium, and high). The low resolution is the one recommended to be used.  139 

● The Target Classification (A-TC; ECA_EXB*_ATL__TC__2B) product provides the classification of atmospheric 140 

targets and is used in this study to characterize the observed atmospheric scenes. A comprehensive description of the 141 

target classification algorithm is provided by Irbah et al., (2023).  142 

● The Aerosol Layer Descriptor (A-ALD; ECA_EXB*_ATL__ALD__2B) product provides vertically resolved 143 

information on the aerosol layers detected along the satellite track. It identifies aerosol layer boundaries and retrieves 144 

key layer properties, including layer top and base heights, optical thickness, extinction coefficient, and aerosol 145 

classification. In this study, the A-ALD product is used as a complementary dataset by considering as ALH the upper 146 

aerosol layer when comparing with the PACE/SPEXone retrievals (see Appendix A1).  147 

2.3 Comparison approach 148 

Study Period and Data Sources: The ALH estimates from the PACE SPEXone observations are evaluated against the ALH 149 

values derived from EarthCARE ATLID Level 2A data. The aim is to assess the consistency of ALH retrievals between the 150 

two products under collocated measurement conditions. To minimize the influence of complex surface effects, an oceanic 151 

region with relatively uniform terrain is selected as the analysis domain (Fig. 1).  152 

Since the temporal difference between EarthCARE and PACE joint overpasses varies with latitude, as shown in Figure 1, three 153 

regions were selected for analysis: the South Atlantic, with 34 overpasses, the Indian Ocean, with 54 overpasses, and the 154 

Mediterranean, with 24 overpasses.  155 
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 156 

Figure 1: Regions of interest analyzed in this study. Colored line segments represent individual EarthCARE–PACE collocations and 157 

are grouped by region of interest (South Atlantic, Mediterranean, and Indian Ocean). The horizontal dashed lines divide the map 158 

into latitude bands corresponding to different temporal differences (Δt) between the EarthCARE and PACE overpasses, as indicated 159 

on the left.   160 

 161 

These regions also represent different aerosol conditions and different temporal sampling periods. The Mediterranean dataset 162 

covers approximately one year (2025), whereas the South Atlantic and Indian Ocean datasets are limited to the period from 163 

March to June 2025. Consequently, the regional datasets do not represent equivalent seasonal sampling and are not intended 164 

to provide an aerosol climatology, but rather to sample different aerosol conditions under distinct collocation geometries.  165 

For each region, a larger number of candidate scenes was initially available, however, the final set was selected after visual 166 

inspection of each case based on the following criteria: a continuous and spatially coherent aerosol signal within the SPEXone 167 

field of view, no or only localized cloud contamination, scene homogeneity, and an AOD at 355/407 nm below 1.   168 

 169 

ATLID Data Processing: ATLID aerosol extinction profiles at 355 nm (low resolution) were extracted from the 170 

ECA_EXB*_ATL_EBD_2B product. Profiles were filtered using the variable from the ECA_EXB*_ATL_TC_2B, target 171 

classification product to exclude all non-aerosol returns. Quality control was implemented by retaining only profiles that met 172 

the following criteria: 173 

● quality_status values of 0 or 1, corresponding to nominal or good retrievals; 174 

● extended_quality_status values of 1 or 2, indicating successful algorithm convergence. 175 

● For profiles with more than 5% of cloud contamination the whole profile was removed.  176 
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The aerosol layer height for ATLID was derived from the filtered particle extinction profiles using a center-of-mass (COM) 177 

approach, in which the extinction coefficient, rather than the backscatter signal used in the original formulation (Mona et al., 178 

2006), is used to weight the vertical distribution of the aerosol layer, as defined by the equation below: 179 

 180 

             (Equation 1) 181 

 182 

The ALH retrieved by PACE/SPEXone differs from the center-of-mass ALH derived from ATLID aerosol profiles. 183 

Specifically, the PACE/SPEXone retrieval assumes that the aerosol vertical distribution can be represented by a Gaussian 184 

profile and defines the ALH as the peak, or characteristic height, of the Gaussian distribution, that fits best along with other 185 

columnar microphysical parameters the integrity SPEXOne observations. 186 

 187 

SPEXone Data Processing: For both Version 3 SPEXone L2 products, the ALH variable, geolocation information, and 188 

corresponding quality information are extracted for further analysis. Retrievals flagged as invalid are excluded, together with 189 

negative ALH values associated with non-physical or failed retrievals. The remaining valid SPEXone pixels are subsequently 190 

used in the spatial collocation and regridding procedure described below.    191 

 192 

Spatial Collocation and Regridding: To collocate the SPEXone observations with ATLID, the native two-dimensional 193 

SPEXone field is projected onto the ATLID ground track. For each position along the track, a ±50 km across-track corridor is 194 

defined, giving a total collocation width of 100 km. All valid SPEXone pixels located within this corridor are considered in 195 

the collocation. Rather than assigning equal weight to all contributing pixels, a Gaussian weighting function is applied 196 

according to the across-track distance from the ATLID orbit. SPEXone pixels located closest to the ATLID track therefore 197 

contribute most strongly to the collocated value, whereas the contribution decreases progressively toward the corridor 198 

boundaries (see Appendix A2).  199 

The use of a broader spatial sampling area is intended to reduce representativeness differences associated with the non-200 

simultaneous EarthCARE and PACE observations and with spatial variability within the aerosol field. This follows the general 201 

spatial-representativeness concept adopted in the ACPPV best-practice protocol (Amiridis et al., 2025). 202 

For ATLID, the along-track profiles corresponding to each regridded SPEXone sampling interval are grouped and averaged 203 

to produce one representative ATLID profile per SPEXone along-track pixel. This establishes a common along-track sampling 204 

between the two datasets while retaining the vertically resolved information provided by ATLID. An example of the resulting 205 

collocation and regridding is shown in Fig. 2. The left panel presents the original SPEXone field together with the ATLID 206 

ground track and the corresponding ALH retrievals. The circles represent the across-track weighted SPEXone ALH values 207 

after regridding onto the ATLID track, while the triangles represent the corresponding ATLID ALH values derived from the 208 
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regridded ATLID profiles using the COM method. The right panels show the ATLID scene before filtering, after application 209 

of the quality-control criteria, and after regridding to the SPEXone sampling.  210 

 211 

 

(a) 

 

(b) 

 212 

Figure 2: Example of a regridded scene. Left: Original SPEXone image with the ATLID orbit track shown in red. Circles indicate 213 

the Gaussian-weighted across-track SPEXone ALH values after regridding onto the ATLID track, while triangles indicate the 214 

corresponding ATLID ALH values derived from the regridded ATLID profiles using the center-of-mass (COM) method.  Right 215 

(top): ATLID extinction coefficient before filtering and regridding. Right (middle): ATLID extinction coefficient after application 216 

of the quality-control filters and regridding. Right (bottom): Original scene with the ALH retrievals overlaid on the ATLID target 217 

classification product. ATLID ALH retrievals are shown in red, SPEXone RemoTAP retrievals in green, and SPEXone FastMAPOL 218 

retrievals in blue.  219 

3. Results 220 

In this section, the results of this study are presented as follows:  221 

● First, the overall statistical comparison between PACE/SPEXone and EarthCARE/ATLID aerosol layer height (ALH) 222 

retrievals over global oceanic regions is presented to assess the general level of consistency between the two datasets 223 

and to characterize the variability of the retrieved ALH products. The analysis considers the influence of the aerosol 224 

vertical structure, as well as the aerosol types, identified from the EarthCARE aerosol classification product.  225 
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● Next, selected case studies are analyzed to explore the impact of aerosol loading and the consistency between 226 

SPEXone and EarthCARE AOD retrievals on the ALH agreement.  227 

● Finally, the differences in ALH definition are examined and evaluated by applying alternative ALH calculation 228 

approaches to ATLID profiles, assessing whether harmonizing the ALH methodology between active and passive 229 

observations improves the comparison. 230 

3.1 Overall statistics 231 

The PACE/SPEXone retrievals are evaluated against EarthCARE/ATLID ALH measurements using a total of 112 joint 232 

overpasses over the study region (Fig. 1). Figure 3 presents a comparison of ALH retrievals from PACE/SPEXone and 233 

EarthCARE/ATLID for the commonly analyzed overpasses. The upper panels show scatterplots of ALH retrievals from 234 

FastMAPOL (upper right) and RemoTAP (upper left) against the corresponding EarthCARE/ATLID retrievals. The middle 235 

panels present the corresponding ALH distributions for RemoTAP and EarthCARE/ATLID (left) and FastMAPOL and 236 

EarthCARE/ATLID (right). The lower panels show the ALH differences between RemoTAP and EarthCARE/ATLID (left) 237 

and between FastMAPOL and EarthCARE/ATLID (right).  238 

 239 
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241 

Figure 3: Comparison of aerosol layer height (ALH) retrievals from PACE/SPEXone and EarthCARE/ATLID for collocated 242 

overpasses. The upper panels show scatterplots of ALH retrieved by RemoTAP (left) and FastMAPOL (right) versus 243 

EarthCARE/ATLID-derived ALH. The middle panels present the corresponding ALH distributions for RemoTAP and 244 

EarthCARE/ATLID (left) and FastMAPOL and EarthCARE/ATLID (right). The lower panels show the ALH differences between 245 

RemoTAP and EarthCARE/ATLID (left) and between FastMAPOL and EarthCARE/ATLID (right).  246 

 247 

Overall, the weighted EarthCARE/ATLID ALH retrievals exhibit a broader distribution than the PACE/SPEXone retrievals. 248 

Among the two PACE algorithms, FastMAPOL exhibits a stronger correlation with the EarthCARE/ATLID-derived ALH 249 

than RemoTAP, with correlation coefficients of R = 0.53 and R = 0.15, respectively. The Mean Absolute Error (MAE) values 250 

are 1.02 and 0.90 km for FastMAPOL and RemoTAP, respectively, indicating comparable average deviations from the ATLID 251 

ALH, with a slightly lower MAE for RemoTAP. The corresponding biases are +0.12 and -0.42 km, respectively, indicating a 252 

small overestimation of ALH by FastMAPOL and a moderate underestimation by RemoTAP. Overall, FastMAPOL captures 253 

the variability in ALH more closely, as reflected by its higher correlation, while RemoTAP exhibits a smaller average absolute 254 

error. A cross correlation of the SPEXone algorithms retrieved ALH is also presented in Fig.A3 (see Appendix A3). 255 

Furthermore, the RemoTAP comparison reveals two distinct clusters (Figure 3, upper panels): one in which 256 

EarthCARE/ATLID retrieves higher ALH values than PACE/SPEXone, and another in which PACE/SPEXone retrieves 257 

higher ALH values than EarthCARE/ATLID. In general, FastMAPOL also produces fewer valid ALH retrievals, likely 258 

because of its stricter quality-filtering criteria and tends to retrieve lower aerosol layer heights than EarthCARE/ATLID, as 259 

evidenced by the ALH distributions. To further examine the influence of unrealistically high, measurements above 10 km were 260 

excluded from the analysis. (see Appendix A4).  261 

The RemoTAP ALH distribution (middle left panel) more closely resembles the ATLID distribution. The FastMAPOL 262 

retrievals show a substantial number of ALH values below 1 km. RemoTAP generally preserves the overall shape of the 263 
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ATLID distribution, although it tends to overestimate ALH for values above approximately 2 km.  The ALH differences 264 

between RemoTAP and EarthCARE/ATLID (lower left panel) and between FastMAPOL and EarthCARE/ATLID (lower right 265 

panel) are generally within 2 km, although they reach up to 4 km in some cases. The largest differences are found for 266 

RemoTAP. The Mediterranean region exhibits relatively low spatial variability in the ALH differences.  267 

In what follows, we present Bland-Altman analyses to better quantify the agreement between the datasets and provide a more 268 

robust statistical assessment of the results. Figure 4 presents Bland-Altman plots of the two SPEXone retrievals against the 269 

ATLID COM reference, with FastMAPOL shown on the right and RemoTAP on the left. The difference SPEXone - ATLID 270 

is plotted against the mean of the two estimates. In the absence of a height-dependent error, the differences would scatter about 271 

a constant bias, allowing limits of agreement to be defined. This is not the case here: for both algorithms the bias increases 272 

systematically with ALH. The two retrievals therefore agree with the COM reference for low-altitude layers but diverge 273 

progressively as layer height increases, with the disagreement most pronounced for elevated aerosol layers. This behaviour is 274 

consistent with the plots presented above and may be related to the decreasing information content available for accurately 275 

determining aerosol layer height at higher altitudes. In particular, the identification of aerosol layers relies strongly on the 276 

contrast between aerosol and molecular (Rayleigh) scattering. Since molecular scattering decreases with decreasing air density, 277 

this contrast becomes weaker at higher altitudes,  278 

 279 

 

Figure 4: Bland–Altman plots of RemoTAP and FastMAPol SPEXone retrievals against the ATLID COM reference, with RemoTAP 280 

shown on the left and FastMAPol on the right. 281 

 282 
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Next, in Figure 5, we examine the relationship between the retrieved AOD and ALH retrievals for the PACE/SPEXone 283 

RemoTAP (left) and FastMAPOL (right). The red and blue lines represent the mean ALH values derived from the 284 

PACE/SPEXone and EarthCARE/ATLID retrievals, respectively. Both PACE/SPEXone retrievals show similar behaviour, with 285 

the majority of the points to be found for low AOD values. The scatter in retrieved ALH increases toward low AOD, consistent 286 

with Hasekamp et al. (2019) and Gao et al (2023), who reported that ALH uncertainty grows substantially for AOD < 0.2 as 287 

the aerosol signal in the oxygen bands weakens (see Appendix A5). Another difference is that FastMAPOL AOD performs 288 

best below 0.5 (Gao et al., 2026), whereas RemoTAP reaches ~0.8 with lower density at the high end and greater overall 289 

scatter.  290 

 291 

  

 292 

Figure 5: Relationship between retrieved AOD and ALH for the SPEXone RemoTAP and EarthCARE/ATLID (left) and 293 

FastMAPOL and EarthCARE/ATLID (right) retrievals. Individual points represent collocated observations. Solid lines show the 294 

median ALH within AOD bins, with red for PACE/SPEXone and blue for EarthCARE/ATLID, while the shaded bands indicate the 295 

corresponding interquartile range (25th–75th percentile).  296 

 297 

The aerosol vertical structure and the predominant aerosol types in each region are also analyzed using the A-TC ATLID 298 

product. The predominant aerosol types as a function of height (left columns), and scatterplots and histograms of differences 299 

between the PACE/SPEXone RemoTAP and FastMAPOL and EarthCARE/ATLID ALH retrievals (right columns) are shown 300 

below for the Mediterranean (upper panels), South Atlantic (middle panels), and Indian Ocean (bottom panels) regions. 301 

 302 
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 303 

Figure 6: Predominant aerosol types as a function of height (left columns) and scatterplots and histograms of the differences between 304 

the PACE/SPEXone RemoTAP and FastMAPOL algorithms and EarthCARE/ATLID ALH retrievals (right columns) for the 305 

Mediterranean (upper panels), South Atlantic (middle panels), and Indian Ocean (bottom panels) regions. 306 

 307 

Pure dust and dust mixtures (dusty smoke and dusty mix) and smoke dominate over the Mediterranean region up to 10 km 308 

altitude, whereas sea salt is the predominant aerosol type over the South Atlantic (up to 2km). In the Indian Ocean, the results 309 

similarly show a predominance of sea salt and dust mixtures below 2 km, while smoke and mixtures of dust are the dominant 310 

aerosol types at the higher altitudes, extending up to approximately 5 km.  311 

The scatterplots indicate better agreement between the EarthCARE/ATLID and PACE ALH retrievals over the Mediterranean 312 

region than over the other two regions, with correlation coefficients of R = 0.30 for RemoTAP and R = 0.55 for FastMAPOL, 313 

with corresponding Mean Absolute Error values of 1.07 and 1.12, respectively. The RemoTAP comparison again reveals two 314 

distinct clusters (Figure 6, upper left panel): one in which EarthCARE/ATLID retrieves higher ALH values than 315 

PACE/SPEXone, and another in which PACE/SPEXone retrieves higher ALH values than EarthCARE/ATLID. In contrast, 316 

the FastMAPOL comparison indicates that ATLID systematically retrieves higher ALH values than for altitudes above 0.6 317 

km. Furthermore, FastMAPOL yields fewer valid collocated retrievals but demonstrates better overall agreement with the 318 

EarthCARE/ATLID ALH.  319 

The correlation exhibits a strong dependence on aerosol layer altitude, with elevated layers accounting for most of the observed 320 

agreement. More specifically, for FastMAPOL, the correlation with ATLID is significantly stronger for layers above 3 km, 321 

with R = 0.63 (N = 93), whereas a much weaker correlation (R = 0.04) is observed for layers below 1.5 km. A similar vertical 322 

dependence is found for RemoTAP, with R = 0.54 (N = 104) for layers above 3 km, compared with R = 0.03 for layers below 323 

1.5 km.  324 
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The higher overall correlation for the Mediterranean region indicates that the agreement between the retrievals is not uniform 325 

across regions but instead depends primarily on the prevailing aerosol type and its vertical distribution, rather than on 326 

geographic location alone.  327 

3.2 Case studies 328 

Although correlation and error metrics, such as the mean absolute error (MAE) and root mean square error (RMSE), are useful 329 

for assessing the overall agreement between the two datasets, they do not always fully characterize the performance of ALH 330 

intercomparisons or explain the reasons for agreement or disagreement between the two datasets. Therefore, this section 331 

presents and discusses four case studies alongside their corresponding aerosol layer height (ALH) retrievals. Furthermore, the 332 

agreement between the AOD retrievals from PACE/SPEXone and EarthCARE is examined to investigate its relationship with 333 

the consistency observed between the ALH retrievals.   334 

Four case studies representing low, medium, and high AOD conditions are presented in Figure 7. The left panels show the 335 

EarthCARE/ATLID and PACE/SPEXone overpasses, together with AOD comparisons from RemoTAP, while the right panels 336 

present the corresponding comparisons from FastMAPOL. The central panels display the EarthCARE/ATLID target 337 

classification, with the lidar-weighted ALH, calculated according to Eq. (1), indicated with red circles. The mean 338 

PACE/SPEXone ALH is shown with green circles for RemoTAP and with blue circles for FastMAPOL. The four selected 339 

cases include: (i) a high-AOD case (>0.2) characterized by low correlation between PACE/SPEXone and EarthCARE/ATLID 340 

retrievals (R=0.23); (ii) a low-AOD case (<0.08) with similarly low correlation; (iii) a high-AOD case (>0.3) showing strong 341 

agreement between the two datasets (R=0.95); and (iv) a low-AOD case (<0.1) with moderate correlation (R=0.41). 342 

In the first case, ATLID retrieves higher ALH values than both PACE/SPEXone products, with the latter exhibiting a similar 343 

temporal evolution. In the first case, the extinction coefficient indicates a well-defined aerosol plume extending to 344 

approximately 6 km, while the aerosol target classification (A-TC) identifies it as a dust-dominated mixture. In this case, the 345 

ATLID-derived ALH is overestimated relative to both the RemoTAP and FastMAPOL retrievals, which show good agreement 346 

with each other. In the second case, the FastMAPOL ALH retrieval is lower than both the ATLID and RemoTAP ALH 347 

estimates for a well-mixed aerosol layer. The third case represents a high AOD agreement between the datasets, showing a 348 

similar temporal evolution of all ALH retrievals, with only minor discrepancies observed in the FastMAPOL retrievals.In the 349 

fourth case, where the aerosol plume extends to approximately 3 km or below, ATLID provides overall higher ALH values, 350 

while FastMAPOL retrieves lower heights than RemoTAP.  351 

From the case studies analyzed we conclude that the PACE/SPEXone and ATLID-derived ALH retrievals show better 352 

agreement and exhibit a more consistent temporal distribution, under higher AOD conditions, with a strong correlation in AOD 353 

between the two datasets (R = 0.95). 354 
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 355 

Figure 7: EarthCARE/ATLID and PACE/SPEXone overpasses and AOD comparisons for four case studies. Results from RemoTAP 356 

are shown in the left panels at 355nm and from FastMAPOL in the right panels at 407 nm, with the corresponding 357 

EarthCARE/ATLID extinction coefficient displayed in the center panels. The lidar-weighted aerosol height, calculated using Eq. 358 

(1), is indicated by the thick red line, while the mean PACE/SPEXone ALH is represented by the thick green line for RemoTAP and 359 

the thick blue line for FastMAPOL.  The four cases represent different AOD and correlation c: (i) high AOD (>0.2) with low 360 

correlation (R = 0.23); (ii) low AOD (<0.08) with low correlation; (iii) high AOD (>0.3) with strong correlation (R = 0.95); and (iv) 361 

low AOD (<0.1) with moderate correlation (R = 0.41).  362 

 363 
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3.3 Towards harmonizing Aerosol Layer Height Retrievals between passive and active sensors  364 

The COM provides a good estimate of where the bulk of the aerosol layer is located. In the literature, both extinction and 365 

backscatter are used for the ALH calculation following the COM method. In our analysis we tried both, and they yielded 366 

similar results; only in cases with a high presence of absorbing particles (i.e. smoke), a larger difference is observed (see 367 

Appendix, Fig. A6 and Table A6.). 368 

The ALH retrieved by passive sensors is defined differently from the center-of-mass ALH calculated from the ATLID profiles 369 

used in this study. PACE retrieval algorithms assume a Gaussian vertical distribution of the aerosol layer (Fu et al 2026, Gao 370 

et al., 2026) and derive the ALH from the best-fit solution to this assumed profile. However, this approach has some limitations: 371 

for vertically extended or inhomogeneously distributed aerosol layers with multiple peaks, for two separate layers, or for layers 372 

very close to the ground, the retrieval represents an effective average vertical distribution based on the assumed Gaussian 373 

profile without resolving the detailed vertical structure of the aerosol layer. The COM method, by contrast, provides very good 374 

estimates of the location of the aerosol layer centroid. Yet it has its own drawbacks as well: in scenes with two distinct layers, 375 

or with geometrically small, elevated layers, the result is again unrepresentative of the actual scene. COM can be also computed 376 

from the Gaussian profile considering the truncated vertical profile when it is too close to the land/ocean surface.  377 

To this end, we formulated the “ATLID-μ invert” method, which calculates the ALH from the ATLID profiles applying the 378 

same methodology utilized for the SPEXone ALH retrievals. The Gaussian distribution assumed by the retrieval is the 379 

following: 380 

𝑓(𝑧) =
1

𝜎√2𝜋
𝑒
−
(𝑧−𝜇)2

2𝜎2  381 

 382 

with σ=0.85 (FWHM =2.355) taken from Wu et al 2015 and Gao et al. (2023) applied to the FastMAPOL algorithm. What 383 

ATLID actually measures over a finite altitude range is not the centre μ of the full Gaussian but its truncated mean, 384 

 385 

E[Z | z₁ ≤ Z ≤ z₂] = ∫ z·f(z) dz / ∫ f(z) dz, 386 

 387 

evaluated between the retrieval limits z₁ and z₂. Using the extinction coefficient as f(z), we invert this relation to solve for μ, 388 

applying the vertical weighting to the ATLID observations that SPEXone uses for the ALH retrievals. The inversion assumes 389 

that the underlying profile is a single Gaussian layer, so on multi-peak or strongly non-Gaussian scenes the recovered μ is not 390 

meaningful. 391 

The second approach consists of best fitting a single Gaussian function to the ATLID profile (ATLID- μ fit). 392 

Figure 8 further analyzes the four case studies presented in Fig. 7. For these cases we present the ALH derived with ATLID-393 

μ invert and ATLID-μ fit approaches. 394 

 395 
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 396 

 397 

Figure 8: Same as Figure 7 above. The red square denotes the ATLID COM, calculated using Eq. (1). Orange circles indicate the 398 

ALH derived with the ATLID-μ invert approach, while pink squares indicate the ALH derived with the ATLID-μ fit approach. 399 

Triangles denote the PACE/SPEXone retrievals, with green corresponding to RemoTAP and blue to FastMAPOL ALH retrievals. 400 

 401 

The new approaches result in a slight improvement in correlation, along with better convergence and a more consistent 402 

representation of the temporal variability when the same retrieval method is applied to both the EarthCARE/ATLID and 403 

PACE/SPEXone datasets (3rd case in Fig. 8). It is evident that in thick layers the COM and inverted methods give the same 404 

result, whereas in thin aerosol layers near the ocean surface the inverted method deviates from the COM and retrieves a height 405 
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closer to the true layer centre. This behaviour is consistent with the truncation effect, as the COM is biased upward when the 406 

aerosol layer is located near the lower boundary, while the inversion approach compensates for this bias.  407 

Next, Figure 9, shows the mean extinction profile of each region under study together with the median values of the aerosol 408 

layer heights from RemoTAP, FastMAPOL, and ATLID. Combined with the previous findings and the Gaussian-fit method 409 

used by the passive sensors, this clarifies why agreement is better over the Mediterranean than over the other two regions. In 410 

the Mediterranean, the aerosol backscatter extends up to ~6 km in altitude, whereas in the South Atlantic and Indian Ocean it 411 

barely exceeds ~2 km. A vertically extended layer of this kind is better described by the Gaussian assumed in the passive 412 

retrieval, so the fitted peak sits higher and is not truncated near the surface. However, it does not appear to perform well for 413 

cases with strong vertical variability, such as the first case shown in Fig. 8. In the other two regions the aerosol is concentrated 414 

in a shallow near-surface layer, where the Gaussian fit is cut off by the lower boundary and the retrieved height is biased. 415 

 416 

 417 

Figure 9: Mean ATLID extinction coefficient profiles for the three regions of interest: (a) Mediterranean, (b) South Atlantic, and (c) 418 

Indian Ocean. The solid profile line shows the regional mean profile and the shaded band the interquartile range (IQR). Horizontal 419 

lines mark the median ALH derived from ATLID (solid), RemoTAP (dash-dotted), and FastMAPOL (dashed), with values given in 420 

each legend.  421 

4. Conclusion and discussion 422 

This study presents the first comparison of the PACE/SPEXone ALH product over oceanic regions, using the Version 3 423 

products PACE_SPEXONE_L2_MAPOL_OCEAN_V3 and PACE_SPEXONE_L2_AER_RTAPOCEAN_V3 from 424 

FastMAPOL and RemoTAP, respectively. The SPEXone retrievals are evaluated against ESA EarthCARE ATLID ALH 425 

retrievals based on the ECA_EXB_ATL_EBD_2B (Baseline B*) low-resolution extinction profiles. The selected oceanic 426 

regions provide insight on the PACE/SPEXone ALH retrieval performance, highlighting their sensitivity to AOD and the 427 
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aerosol vertical structure and type, obtained from the EarthCARE A-TC product (ECA_EXB_ATL__TC__2B). The main 428 

conclusions of our study are summarized below: 429 

• Overall, better agreement is observed over the Mediterranean, where dust and mixed-dust aerosol types are 430 

predominant, with correlation coefficients of R = 0.30 and R = 0.55 for RemoTAP and FastMAPOL, respectively, 431 

whereas only moderate agreement is obtained from the global statistics.  432 

• Among the two PACE algorithms, FastMAPOL exhibits a stronger correlation with the EarthCARE/ATLID-derived 433 

ALH than RemoTAP, with correlation coefficients of R = 0.53 and R = 0.15, respectively. The MAE values are 1.02 434 

and 0.90 km for FastMAPOL and RemoTAP, respectively, indicating comparable average deviations from the ATLID 435 

ALH, with a slightly lower MAE for RemoTAP. The corresponding biases are +0.12 and -0.42 km, respectively, 436 

indicating a small overestimation of ALH by FastMAPOL and a moderate underestimation by RemoTAP. Overall, 437 

FastMAPOL captures the variability in ALH more closely, as reflected by its higher correlation, while RemoTAP 438 

exhibits a smaller average absolute error.  439 

• The AOD filtering, which excludes cases with AOD values below 0.2 in the SPEXone retrieval algorithms, improves 440 

the correlation for both SPEXone retrieval algorithms, with the resulting correlation driven by aerosol layers below 441 

10 km.  442 

• Overall, the retrieved ALH values from PACE/SPEXone and EarthCARE/ATLID show good consistency, with 443 

improved agreement for homogeneous aerosol scenes and cases where both instruments retrieve similar aerosol 444 

optical depth values. The closest agreement in ALH is found for thick, homogeneous aerosol layers, despite the 445 

relatively moderate overall correlation between the datasets.  446 

• Applying alternative ALH calculation approaches based on Gaussian fits to the ATLID profiles slightly improves the 447 

agreement between active and passive ALH estimates, highlighting the importance of using consistent ALH 448 

definitions when comparing different retrieval techniques.  449 

• The improved agreement over the Mediterranean compared to the South Atlantic and Indian Ocean regions is 450 

attributed to the more vertically extended aerosol layers, which are better represented by the Gaussian-fit approach 451 

used in passive retrievals, whereas shallow near-surface layers are more affected by lower-boundary truncation and 452 

ALH biases. 453 

With the planned release of the new EarthCARE Baseline CA, the ALH analysis will be repeated using a more extensive 454 

dataset.  455 

2 Appendices 456 

Α.1 The ALD Product - Overall results 457 
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Figure Α1 presents the PACE/SPEXone comparison with the A-ALD product for all cases. For RemoTAP, the correlation 458 

improves compared to that obtained with the earlier COM method, with the correlation coefficient increasing from R = 0.15 459 

to R = 0.28. In contrast, FastMAPOL exhibits a similar level of agreement (R = 0.57). FastMAPOL demonstrates better overall 460 

retrieval performance. It is worth noting that the A-ALD product yields far fewer collocated points than the COM approach: 461 

A-ALD reports a height only where a distinct layer is detected, whereas the COM method applied to the A-EBD profiles 462 

returns a value wherever aerosol is present, producing many more matches. Comparing the range of values between the 463 

SPEXone algorithms and A-ALD, we do not observe the same consistency as with the COM approach. We attribute this to the 464 

previously mentioned difference in how A-ALD detects aerosol layers, which produces the two distinct behaviours seen in the 465 

collocations.   466 

 467 

Figure A1: Scatterplots of PACE/SPEXone versus EarthCARE/ATLID ALH ALD retrievals (upper panels) and histograms of the 468 

differences between the PACE/SPEXone and EarthCARE/ATLID datasets (lower panels). RemoTAP results are shown in the left 469 

panels, while FastMAPOL results are presented in the right panels. 470 

 471 
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Α.2 Collocation - More details 472 

Figure A2 provides a three-dimensional visualization of the spatial collocation procedure described in Sect. 2.3. The horizontal 473 

gridded surface represents the native two-dimensional SPEXone retrieval field, while the vertical curtain shows the 474 

corresponding ATLID extinction field along the EarthCARE ground track. The red curves illustrate the Gaussian across-track 475 

weighting applied around the ATLID orbit, and the magenta shading indicates the relative contribution assigned to the 476 

surrounding SPEXone pixels. The highest weights are assigned to pixels closest to the ATLID ground track, with progressively 477 

decreasing contribution toward the ±50 km boundaries of the collocation corridor. Figure A2 illustrates geometrically how the 478 

SPEXone swath is projected onto the one-dimensional ATLID sampling grid. 479 

 480 

Figure A2: Three-dimensional illustration of the EarthCARE–PACE/SPEXone collocation and regridding approach. The SPEXone 481 

field is sampled within a ±50 km corridor around the ATLID ground track using Gaussian across-track weighting, while the ATLID 482 

extinction curtain is shown vertically along the track.  483 

 484 

A.3 Cross SPEXone algorithm correlation 485 

A cross correlation of the SPEXone algorithms retrieved ALH is presented in Fig.A3. The PACE/SPEXone datasets exhibit a 486 

correlation coefficient of 0.3 and a mean absolute error MAE of 0.94 km. 487 
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 488 

 489 

Figure A3: Cross PACE/SPEXone algorithm correlation. 490 

A4. Hard height cutoff limit 10km 491 

A hard cut-off limit to the ATLID height was examined as shown in Fig.A4. After this analysis, the RemoTAP ALH 492 

distribution (left panel) more closely resembles the ATLID distribution. The FastMAPOL retrievals show a substantial number 493 

of ALH values below 1 km again. Thus, RemoTAP generally preserves the overall shape of the ATLID distribution, although 494 

it tends to underestimate ALH for values within the first 1 km.  495 

 496 

Figure A4: Histograms of the differences between the PACE/SPEXone and EarthCARE/ATLID datasets after applying the cut-off 497 

limit. RemoTAP results are shown in the left panels, while FastMAPOL results are presented in the right panels. 498 

 499 

 500 

Α5. AOD filtering 501 
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In the following section, we examine the impact of AOD filtering to our correlations. First, we use a cutoff limit of AOD=0.1 502 

to filter out ALH values that have a lower AOD value than 0.1. Then we repeat the same for an AOD cutoff limit of 0.2. AOD 503 

values from each retrieval used are different each time considering the value coming from the closest wavelength available to 504 

355nm. Figure A5 shows the relationship between the retrieved aerosol optical depth (AOD) and aerosol layer height (ALH) 505 

obtained from the SPEXone RemoTAP and EarthCARE/ATLID retrievals (left panels) and from the FastMAPOL and 506 

EarthCARE/ATLID retrievals (right panels). The upper panels correspond to observations with AOD < 0.1, while the lower 507 

panels show the results for AOD < 0.2. A direct impact of the filter applied is the lack of ALH values for ATLID above 10km. 508 

These were filtered out by the AOD value being less than 0.1 in the SPEXone retrieval algorithms. As shown in Figure A5, 509 

applying an AOD threshold improves the correlation for both SPEXone retrieval algorithms, as the correlation is now driven 510 

by the layers below 10 km.  511 

 512 

 

 

 513 
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Figure A5: Scatterplots between retrieved ALH for the SPEXone RemoTAP and EarthCARE/ATLID (left) and FastMAPOL and 514 

EarthCARE/ATLID (right) retrievals for AOD < 0.1 (upper panels) and AOD < 0.2 (lower panels).  515 

 516 

 517 

A.6 Backscatter or Extinction for the ALH Calculation? 518 

Aerosol layer height can be derived from the centre-of-mass method using either the backscatter or the extinction coefficient. 519 

Both are used in the literature, which reports differences between them mainly in the presence of absorbing particles. In the 520 

main analysis, the extinction coefficient is used to derive the ALH. Figure A6 compares the two coefficients directly for a set 521 

of selected scenes. The results are very similar, and in most cases nearly identical; the exceptions are scenes where the two 522 

diverge substantially. Cross-referencing the ATLID target classification, these cases coincide with the presence of smoke or 523 

other absorbing aerosol, consistent with the reported literature sensitivity. 524 

Recomputing the overall agreement between the two sensors using extinction instead of backscatter produces no significant 525 

change (see Table A6), confirming that the choice of coefficient does not affect the main conclusions. 526 

 527 

Table A6. Correlation coefficient (R) between SPEXone and ATLID ALH retrievals, by region and algorithm. 528 

 Backscatter ALH Extinction ALH 

Region RemoTAP FastMAPOL RemoTAP FastMAPOL 

Mediterranean 0.30 0.51 0.31 0.56 

South Atlantic 0.02 -0.06 0.03 -0.03 

Indian Ocean  -0.09 0.09 0.02 0.02 

Overall 0.15 0.53 0.15 0.53 

 529 

Code and data availability 530 

PACE/SPEXone Level-2 Version 3 data are publicly available from the NASA Ocean Biology Processing Group (OBPG) 531 

through NASA Earthdata ((https://search.earthdata.nasa.gov/). The FastMAPOL Regional Aerosol Over Ocean product used 532 

in this study is available at https://doi.org/10.5067/PACE/SPEXONE/L2/MAPOL_OCEAN/3.0, and the RemoTAP Regional 533 

Ocean product is available at https://doi.org/10.5067/PACE/SPEXONE/L2/AER_RTAPOCEAN/3.0  534 

EarthCARE Level-2 ATLID products used in this study, including the A-EBD, A-ALD and A-TC products, are available 535 

through the ESA EarthCARE data services and the MAAP platform (https://portal.maap.eo.esa.int/). Product information and 536 

access are available at https://doi.org/10.57780/eca-4644a1f for A-EBD, https://doi.org/10.57780/eca-ad34adb for A-ALD, 537 

and https://doi.org/10.57780/eca-3c64e5f for A-TC.  538 

The processing code is available at https://github.com/NOA-ReACT/alh-atlid-spexone.git, which also documents the 539 

collocated pairs, including the product identifiers for each ATLID and SPEXone product and the collocation timestamps.  540 
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