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This supplement provides additional methodological details for the unified QA mask, the blue-band surface-residual learning
model, the AERONET matchup validation, scene allocation for residual learning and cross-product consistency analysis, and
the predefined aerosol models used in the 6S-based LUT simulations. In Table S1, blue, green, red, NIR, and SWIR2 denote
the DQ-1 WSI TOA reflectance bands used for QA masking. The variables vis_mean and vis_std denote the mean and
standard deviation of the blue, green, and red reflectance, respectively. BT10.8 denotes the 10.8 um brightness temperature.
The variable grad denotes the Sobel gradient magnitude of smoothed vis _mean, and texture denotes the absolute residual
between vis_mean and its Gaussian-smoothed field.

Additional analyses include the regional AERONET comparison of the predefined aerosol models, the sensitivity of LUT
interpolation to angular discretization, the sensitivity of the 0.443 um retrieval to the gas-transmittance treatment, and the
influence of low-AOD screening on the cross-product statistics.

Table S1. Thresholds and morphological operations used in the unified QA mask.

Target Feature or rule Threshold or operation Role / output class
Thick cloud Visible mean reflectance vis_mean > 0.18 cloud
Thick cloud Visible whiteness vis_std < 0.04 cloud
Thin cloud / haze Blue reflectance 0.18 <blue < 0.55 cloud / haze
Thin cloud / haze Visible mean reflectance vis_mean > 0.15 cloud / haze
Vegetation suppression NDVI NDVI<0.35 constraint
Snow-like target NDSI NDSI<0.30 constraint
suppression
Cold-cloud branch 10.8 um brightness temperature BT10.8 <292 K cloud
Warm-haze branch 10.8 um brightness temperature and BT10.8 <300 K and blue > haze
blue reflectance 0.18
Cloud edge / texture Visible gradient grad >0.015 cloud edge
Cloud edge / texture Visible texture texture > 0.020 cloud edge
Cloud morphology Binary dilation, hole filling, small- 2 iterations; min_size = 80; cloud
object removal additional 3 x 3 dilation
Snow NDSI NDSI > 0.40 snow
Clear water MNDWI MNDWI > 0.40 water
Complex water NDVI and spectral constraints NDVI < 0.30, blue > red, NIR | water
<0.15, MNDWI > —-0.25
Water morphology Hole filling and small-object removal | min_size = 10 water
Snow morphology Small-object removal min_size = 10 snow




QA encoding Class values

0 = clear, 1 = cloud/haze, 2 =

water, 3 = snow, 255 = no data

QA mask

Note. In the QA terminology, “haze” denotes semi-transparent cloud-like contamination identified from combined spectral,

thermal, and spatial characteristics rather than ordinary aerosol-loaded clear-sky conditions.

15 Table S2. Configuration of the blue-band residual-learning model.

Item

Setting

Target variable

Blue-band surface residual

Residual definition

LUT-derived reference blue-band surface term minus

static blue-band surface prior

Training period Spring 2025

Training scenes 22 March, 22 April, and 19 May 2025
Internal validation scene 28 April 2025

AOD range for residual-sample construction | 0.01-0.50

Maximum samples per training scene 80,000 pixels

Maximum samples for internal validation 60,000 pixels

Input features

Static blue-band surface prior, blue-band TOA
reflectance, NDVI, solar zenith angle, viewing zenith

angle, relative azimuth angle, and elevation

External AOD as RF input feature No

Number of trees 500

Maximum tree depth 22

Minimum samples per leaf 40

Minimum samples for split 80

Maximum feature fraction 0.7

Reference blue-band surface term range 0-0.8

Residual outlier filter Absolute residual < 0.12
Predicted residual constraint —0.10t0 0.10

Corrected blue-band surface term constraint | 0-0.8

Online inference requirement

No external AOD product is required

In the evaluated retrievals, neither online constraint was activated for any valid retrieval pixel (0 % for both the predicted-
residual and corrected-surface-term constraints). The residual threshold of 0.12 is used only as an outlier-screening criterion

during residual-sample construction and does not directly enter the online AOD inversion. It excludes extreme discrepancies
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between the LUT-derived reference blue-band surface term and the static prior. During online application, the RF-predicted
residual is constrained to —0.10-0.10 as a safeguard against unusually large model corrections, while the corrected blue-band
surface term is restricted to 0—0.8, consistent with the admissible range used for the LUT-derived reference surface term. These
constraints are intended to prevent anomalous surface corrections from propagating into the subsequent LUT-based retrieval.
For the autumn—winter 2025 configuration, the same residual-learning framework, sample-screening criteria, and RF
hyperparameters were retained. The RF model was retrained using scenes acquired on 18 October, 22 October, 8§ December,
and 15 December 2025, while 21 November 2025 was reserved for held-out internal validation. The corresponding LUT was
extended to solar zenith angles of 65°, 70°, 75°, and 80° and used the Midlatitude Winter atmospheric profile. For the spring-
2026 interannual evaluation, the spring-2025 residual model and retrieval configuration were applied without retraining or

recalibration.

Table S3. Configuration of the AERONET matchup validation.

Item

Setting

Ground-based reference

AERONET Version 3 Level 1.5 instantaneous

observations

Study region

Beijing-Tianjin-Hebei region

Temporal matching window

Spring 2025 and spring 2026: 02:00-06:00 UTC;
autumn—winter 2025: within £60 min of the nominal

DQ-1 WSI overpass time

Satellite retrievals compared

Static-prior LUT retrieval and residual-corrected

retrieval

Spatial matching window

3 x 3 DQ-1 WSI pixels centered on each AERONET

site

Minimum valid satellite pixels

At least 1 valid pixel within the 3 x 3 window

Satellite valid AOD range

0<AOD<3.0

Ground-based AOD wavelength

conversion

AOD at 550 nm interpolated from 500 nm AOD and
the 440675 nm Angstrém exponent

AERONET temporal aggregation

Mean AERONET AOD within the temporal matching

window for each site-date pair

Satellite spatial aggregation

Mean satellite AOD within the valid pixels of the 3 x 3

window
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Common-sample requirement A site-date pair was retained only when both the static-
prior LUT retrieval and the residual-corrected retrieval
were valid

Expected error envelope + (0.05 + 0.15 x AERONET AOD)

Validation unit Station-date matchup

Final number of matchups Spring 2025: 27; autumn—winter 2025: 49; spring
2026: 28

Note. The final number of matchups is limited because a station-date pair was retained only when both retrieval schemes
were valid under the same temporal and spatial matching criteria.

The autumn—winter 2025 evaluation included 49 station—date matchups from two AERONET sites spanning 26 independent
observation dates. The spring-2026 evaluation included 28 matchups from three sites spanning 17 independent dates. The

spring-2026 evaluation used the spring-2025 retrieval configuration without retraining or recalibration.

Table S4. Scene usage and data-split configuration for static-prior construction, residual learning, interannual evaluation, and

cross-product consistency analysis.

Scene date Usage in this study Role in leakage control

22 March 2025 Spring static-prior reference Excluded from the MCD19A2 hold-out-
scene; RF residual-model date cross-product consistency analysis
training

22 April 2025 Spring static-prior reference Excluded from the MCD19A2 hold-out-
scene; RF residual-model date cross-product consistency analysis
training

19 May 2025 Spring static-prior reference Excluded from the MCD19A2 hold-out-
scene; RF residual-model date cross-product consistency analysis
training

28 April 2025 Held-out internal validation; Excluded from the MCD19A2 hold-out-
not used for static-prior date cross-product consistency analysis
construction or RF training

20 March 2025 Excluded from cross-product | Excluded because of abnormal weather
consistency analysis or large-area mask failure

29 April 2025 Excluded from cross-product | Excluded because of abnormal weather
consistency analysis or large-area mask failure
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not listed above

consistency analysis

10 May 2025 Excluded from cross-product | Excluded because of abnormal weather
consistency analysis or large-area mask failure
Other matched dates | Hold-out-date cross-product Dates used for RF training and internal

validation were excluded

18 October 2025

Autumn-winter static-prior
reference scene; RF residual-

model training

Excluded from autumn-winter

AERONET validation

22 October 2025

Autumn-winter static-prior
reference scene; RF residual-

model training

Excluded from autumn-winter

AERONET validation

8 December 2025

Autumn-winter static-prior
reference scene; RF residual-

model training

Excluded from autumn-winter

AERONET validation

15 December 2025

Autumn-winter static-prior
reference scene; RF residual-

model training

Excluded from autumn-winter

AERONET validation

21 November 2025

Held-out internal validation;
not used for static-prior

construction or RF training

Excluded from autumn-winter

AERONET validation

Spring 2026 retrieval

scenes

Interannual evaluation

Not used for RF retraining or

recalibration

Note. For a training scene belonging to the corresponding static-prior reference set, that scene was excluded from its own
candidate set when constructing the static prior to avoid self-reference. Dates used for RF residual-model training and
internal validation were also excluded from the MCD19A2 cross-product consistency analysis. The spring-2026 evaluation

reused the complete spring-2025 retrieval configuration without reconstruction, retraining, or recalibration.

The LUT simulations used the predefined continental and urban aerosol models implemented in 6S. Table S5 summarizes
their representative spectral optical properties, including aerosol single-scattering albedo (SSA) and normalized spectral
aerosol optical depth, ta(A)/ta(550).

Table S5. Representative spectral optical properties of the predefined continental and urban aerosol models used in the 6S

simulations.
Wavelength/um Continental SSA | Urban SSA Continental ta(A)/ta(550) Urban ta(A)/ta(550)
0.443 0.9004 0.6955 1.2346 1.3032




0.490 0.8993 0.6937 1.1221 1.1569
0.550 0.8932 0.6888 1.0000 1.0000
0.681 0.8839 0.6743 0.7959 0.7532
0.865 0.8570 0.6300 0.5974 0.5280
2.130 0.7104 0.2877 0.2364 0.1430

Note. SSA denotes aerosol single-scattering albedo, and ta(A)/ta(550) denotes acrosol optical depth normalized to 550 nm.
The values were obtained directly from the predefined 6S aerosol models with AOD at 550 nm set to 1.0. The 0.550 pum row

is included only as the normalization reference and is not a DQ-1 WSI retrieval band.

To examine the regional representativeness of the predefined aerosol models, their normalized spectral AOD was compared
with AERONET observations over the BTH region. The comparison included 678 individual records from four sites

spanning 34 observation dates (Fig. S1).
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Figure S1. Comparison of normalized spectral AOD from AERONET observations over the Beijing—Tianjin—Hebei region
with the predefined 6S continental and urban aerosol models. The AERONET median, interquartile range (IQR), and 5th—
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95th percentile range were derived from 678 individual records from four sites spanning 34 observation dates. Aerosol

optical depth was normalized to 550 nm.

The effect of angular LUT discretization was evaluated using 160 geometries located between the LUT angular nodes. Direct

6S simulations were compared with LUT-interpolated 0.443 pm TOA reflectance, and the interpolation error was further

examined as a function of solar zenith angle, viewing zenith angle, and relative azimuth angle (Fig. S2).
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Figure S2. Evaluation of angular interpolation errors in the spring 0.443 um LUT. (a) Comparison of LUT-interpolated

TOA reflectance with direct 6S simulations for 160 geometries located between the LUT angular nodes. (b—d) Interpolation
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Table S6. Summary statistics of the angular LUT interpolation test at 0.443 pm.

error is defined as the LUT-interpolated TOA reflectance minus the direct 6S TOA reflectance.

error as a function of solar zenith angle, viewing zenith angle, and relative azimuth angle, respectively. The interpolation

Aerosol model | N Bias MAE RMSE Median absolute | 95th percentile | Maximum absolute
error absolute error | error

All cases 160 | 0.00517 | 0.00530 | 0.00780 | 0.00281 0.01853 0.02269

Continental 80 | 0.00471 | 0.00487 | 0.00722 | 0.00281 0.01767 0.02137

Urban 80 | 0.00564 | 0.00573 | 0.00835 | 0.00331 0.01923 0.02269

75 Note. The interpolation error is defined as the LUT-interpolated TOA reflectance minus the direct 6S TOA reflectance. The
test used 160 geometries located between the LUT angular nodes, with 80 cases for each aerosol model. AOD and surface

reflectance were kept at existing LUT nodes so that the test primarily isolates the effect of angular interpolation.

A sensitivity test was conducted to quantify the influence of the gas-transmittance correction on the 0.443 pm LUT

80 calculation. A total of 240 test cases were evaluated, including 120 cases for each of the continental and urban aerosol
models. For each case, the LUT calculation using the stored total-scattering transmittances was compared with that obtained
after applying the corresponding directional global-gas transmittances. The resulting changes in TOA reflectance and
retrieved AOD are summarized in Table S7.
Table S7. Sensitivity of the 0.443 um LUT-simulated TOA reflectance and retrieved AOD to the gas-transmittance

85 correction.

Quantity Metric Value

TOA reflectance Median absolute change 6.52 x 107°
TOA reflectance 95th percentile absolute change 2.35x 1074
TOA reflectance Maximum absolute change 3.26 x 107*
Retrieved AOD Median absolute change 0.002
Retrieved AOD 95th percentile absolute change 0.017
Retrieved AOD Percentage of cases with JAAOD| < 0.02 97.1 %

Note. Absolute changes are reported to characterize the sensitivity to the gas-transmittance correction. The test included 240

cases, with 120 cases each for the continental and urban aerosol models. The directional global-gas transmittances provided
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by 6S were applied to the corresponding downward and upward total-scattering transmittances, while the remaining

radiative-transfer configuration was unchanged.

Table S8. Sensitivity of the DQ-1 WSI-MCD19A2 cross-product statistics to the low-AOD screening criterion.

Configuration N R RMSE | MAE MBE Slope Intercept
Without AOD < 0.05 exclusion 202,457 | 0.8633 0.1309 | 0.0925 | 0.0126 | 0.9904 | 0.0158
Current screening 200,507 | 0.8629 0.1311 | 0.0926 | 0.0120 | 0.9939 | 0.0141

Note. The low-AQOD criterion excludes a collocated pixel when AOD < 0.05 in either product and directly removed 1,951
pixels (0.96 % of the samples entering this step). The probable residual-cloud criterion was DQ-1 AOD > 1.0 together with
DQ-1 AOD —MCD19A2 AOD > 0.8 and removed 1,621 pixels. One pixel identified by the low-AOD criterion also satisfied

the subsequent residual-cloud criterion, resulting in a final sample-size difference of 1,950 between the two configurations.



