Reply on RC1:

This study reports a new hybrid approach that combines the wavelet covariance transform (WCT) with a
transfer-learning deep residual network to estimate the diurnal evolution of planetary boundary layer
height (PBLH) at near-global scale from the non-sun-synchronous CATS spaceborne lidar. The proposed
transfer-learning strategy is both novel and practical, effectively leveraging the large-sample coverage of
reanalysis products and the high accuracy of radiosonde measurements. The methodology is sound, the
experiments are comprehensive, and the results clearly demonstrate substantial performance gains over
conventional algorithms. The findings are valuable for improving boundary-layer parameterizations and
advancing our understanding of global PBL diurnal variability, and they fall well within AMT’s scope.

However, several aspects require deeper discussion and additional evidence to further strengthen the
reliability of some results and enhance the paper’s scientific contribution and technical impact. I therefore

recommend acceptance after minor revision.
Specific comments and suggestions

1. Pseudo-label bias from MERRA-2.

Pretraining with MERRA-2-constrained pseudo-labels inherently injects reanalysis systematic biases into
the learned representation. Even after fine-tuning with 4,662 radiosonde-matched samples, residual biases
may persist (as also suggested by the closer agreement of the pretrained model with MERRA-2). Please
discuss and, if possible, quantify this effect and its impact on the final estimates.

Response: We are grateful to the reviewer for providing this profound feedback, we fully agree with the
reviewer's viewpoint. We must admit that due to the limit number of samples where the radiosondes and
CATS over-lapping orbits coincide, they are far from sufficient for model training. Therefore, we adopted
the MERRA2 reanalysis data to pre-train a feature extractor. However, this inevitably introduced errors
from the reanalysis data. In fact, during the parameter fine-tuning process of the transfer training, we did
not merely adjust the weights of the fully connected layers, but released the weights of the residual structure
of the third layer, allowing the model to learn as many features as possible from the real labels. Since the
pre-trained model using pseudo-labels constrained by MERRA2 PBLH, the statistical metrics may inject
reanalysis systematic deviation into the learned representation. Residual deviation correlation analysis was
carried out to quantify this impacts. We calculated the residual deviations between radiosonde-based PBLH
and others (MERRA2, base model, pre-train model, and transfer model estimated PBLH), and compared
them against the residual deviations of MERRA2 (Fig. 7). The R and R? in Fig. 7a indicates that the base
model itself incorporates some bias information from MERRA2 (15%), this may be due to the
meteorological features inputted the model are generated from MERRA?2. However, the system's deviation
of MERRA? is deeply embedded in the pre-trained model, 80% of its residual can be explained by the
MERRA? deviation. Despite fine-tuning the model's weights using radiosonde labels can mitigate this
impacts, with R2 dropped to 0.38, it is undeniable that the transfer model still introduces a certain deviation
information from MERRA?2. Herein, we quantified the reduction rate of transfer training by a function: ,
and found the reduction rate reaches 64.6%, indicating that fine-tuning can effectively weaken the
generalization impact of the MERRA2 deviation. Compared to the base model, our transfer model has
better overall performance (Fig. 6), suggesting that the model has achieved bias mitigation while retaining
the advantages of the pre-trained model. Even so, it is declare to integrate multi-source observations to

reduce this impacts in future work.
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Fig.7. Comparisons of residual deviations from base, pre-train, transfer model against those from MERRA?2
PBLH. (a) base v.s. MERRAZ2, (b) Pre-train v.s. MERRAZ2, and (c) Transfer v.s. MERRA2.

2. Train/validation/test independence.

The manuscript states that 2016 data are used for pretraining and that the transfer stage uses a 4,000/662
split, but it does not clarify whether the test set is strictly separated by station and time window. To avoid
information leakage from adjacent or same-station samples, please clarify the split strategy and consider a
station- and season-stratified (or leave-one-site-out) evaluation.

Response: We are grateful to the reviewer for pointing out this issue, which is very helpful for enhancing
the credibility of our work. In our sample selection process, we indeed overlooked this aspect and only
selected 662 samples through random sampling, which obviously posed a risk of data leakage. Therefore, in
the revised manuscript, we re-screened the testing samples. Due to the strict temporal and spatial isolation
when matching the CATS profiles of different orbits with the sounding stations, we believe that the risk of
data leakage is extremely low. In the revised version, we only processed the samples from the same orbit
that were relatively close to each other. Specifically, if the distance between the sounding sites matched to
the same CATS orbit is less than 300 km, we consider there is a risk of data leakage in the spatial dimension.
This type of sample will not be included in the testing set but will all be placed into the training set.
Additionally, in the revised manuscript, the radiosonde sites in the ocean-island were removed. To ensure
that there were still sufficient samples available for training the transfer model after eliminating the
ocean-based radiosondes, we increased the matching distance between CATS orbits and the sounding sites
from less than 150 km to less than 200 km. Eventually, we obtained 5008 matching samples, of which 750
(15%) were used for the testing. Based on this new test set, we retrained the transfer model. The results
showed that the accuracies of the base model, the pre-train model, and the new transfer model on the new
test set were 60.0%, 59.2%, and 68.3% respectively. This indicates that adopting a transfer learning strategy
in this work is still appropriate. The new transfer model we trained did not change the key findings, but
some of the results are different from those in our original manuscript. Therefore, we updated most figures
in revised manuscript (from Fig.3 to Fig.10) when adopting newly trained transfer model and modified

some of the conclusions.

3. Statistical vs. physical consistency of the afternoon decay.

You conclude that the model exhibits a weaker afternoon decay and better agreement with radiosondes,
while morning correlations are slightly lower but accuracy is higher (smaller bias). I recommend a joint
assessment of statistical consistency (e.g., R, MAE) and physical consistency (e.g., decay rate after the



diurnal peak and the timing of the peak). This would help reconcile performance metrics with expected
PBL diurnal physics.

Response: The reviewer's comment is very insightful, apart from evaluating the statistical consistency of
the model's prediction results, we also calculated the physical consistency. That is, from the perspective of
diurnal variations, we calculated several metrics such as R, MAE and IA (index of agreement) during two
phases (growth and decay). However, since the diurnal PBLH variations on the ten land cover in Fig. 10 are
composited from PBLH of different longitudes. These only 11 PBLH values are insufficient to calculate
statistically significant indicators. Therefore, in the revised version, we also calculated the seasonally
diurnal variations over these land cover types (Fig.S10), such that the amount of PBLH data is sufficient for
us to calculate these statistical indicators. In the revised manuscript, we obtained the peak timing of the
diurnal variation of the PBLH in the sounding, and we took this time as the benchmark. The period before
the peak was considered the growth phase, and the period after the peak was regarded as the decay phase.
Then, we separately calculated the R, MAE and IA indicators for different stages (Fig.S11). The results
show that for those land cover types with sufficient sample sizes, the performance of the transfer model is
superior to that of the base and the pre-train model, even more often superior to reanalyses.This will further
enhance our understanding of the model's ability to predict the diurnal PBLH variations from CATS.
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Fig. S10. Seasonally diurnal variations of PBLH on ten major land cover types, which are
derived from radiosondes (columns), pre-train model (cyan dashed), transfer model (red
solid), ERAS (solid circle), and MERRA2 ('+').
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Fig. S11. R, MAE, and IA (index of agreement) between model/reanalysis predicted and
radiosonde derived PBLH on ten major land cover types.



4. Quantifying uncertainty over complex terrain and deserts.

The diagnosis for reduced performance over high-elevation and desert regions is reasonable, but
quantitative uncertainty information is missing. Please provide uncertainty maps and/or tables, for example
seasonal and hourly MAE/bias boxplots specifically for these regions.

Response: Yes, we agree with the concerns raised by the reviewer. The previous manuscript only
qualitatively pointed out that the model performance was poor in complex terrains and desert areas, but did
not quantify the uncertainty of the model. To present the uncertainty of the model in these areas more
intuitively, we followed the reviewers' suggestions and provided the comparisons for MAE and NAME
(normalized mean absolute error) over these areas. The results show that the PBLH is much higher in
high-elevation and desert regions than others (Fig. S8), especially in the maintenance and decay stages. On
average, the MAE in high-elevation and desert is 260.2 m and 187.6 m higher than that in low-elevation

and non-deserts.
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Fig. S8. Comparisons for MAE and NMAE of PBLH between high-altitude and low-altitude
(a), and between deserts and non-deserts (b) at each daytime hour.

5. Implications from feature importance.

Since “candidate PBLH” and temperature together contribute >50% of the importance, with LST/elevation
next and TAB/WCT shape metrics relatively low, the conclusions should more explicitly articulate the
implication for classical algorithms: rather than further refining profile-shape heuristics, incorporating
thermodynamic and terrain-related diagnostics appears more beneficial.

Response: Thanks to the reviewers' comments, machine learning methods have the ability to pick out
helpful features from complex signals. However, our results show that if the model integrates TAB and



WCT profiles, it cannot learn any useful information from them. This also means that improving the
classical algorithm points out some directions. If only the signal and structure of the signal profile are
considered, the retrieval results will not be improved. Instead, corresponding meteorological conditions
such as thermodynamic, moisture, and dynamic factors should be more incorporated. We have added some
further discussions in Section 3.2.

6. Figure and table clarity.
In Figure 10, please annotate each land-cover curve with the peak time and amplitude to aid interpretation.
For Table 1 (hourly R/'MAE/RMSE), consider adding 95% confidence intervals or bootstrap-based
uncertainty bands.
Response: Following the reviewer's suggestion, we have added peak time and amplitude indicators in
Figure 10 and supplemented the confidence intervals in Table 1. We believe these modifications will make
the manuscript more intuitive and readable.
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Fig. 10. Comparing the diurnal variations of PBLH estimated from WCT, base model, pre-train model,
transfer model, MERRA2, and ERAS5 to that derived from radiosondes (bar plots). text in subplots

represent the peak timing and amplitude for each diurnal curve, with a format of "peak timing / amplitude".

Table 1. Statistics metrics for comparing PBLH from WCT, base model, pre-train model, and transfer

model to radiosonde derived PBLH at each daily hours, values following "+" represent the 95% confidence

level.
Local Time 8 9 10 11 12 13 14 15 16 17 18
R 0.17+0.08 0.03+0.09 0.22+0.12 0.12+0.14 0.28+0.11 0.26+0.10 0.21+0.09 0.28+0.10 0.14+0.10 0.24+0.09 0.18+0.10
S RMSE 1.22+0.07 1.45+0.08 1.3+0.10 1.16+0.10 1.1+0.09 1.25+0.08 1.29+0.08 1.28+0.08 1.4+0.10 1.25+0.08 1.28+0.08
B MAE 0.95+0.06 1.16+0.08 1.05+0.10 0.88+0.10 0.84+0.08 0.94+0.08 0.97+0.07 1.0+0.08 1.08+0.09 0.94+0.08 0.98+0.08
NMAE 138.3+9.3 175.6+12.0 138.2+12.2 80.449.6 59.4+5.8 59.1+5.0 56.7+4.5 53.7+4.5 57.0+4.9 54.7+4.7 66.0+5.4
< 2] R 0.37+0.07 0.37+0.08 0.35+0.11 0.62+0.09 0.440.11 0.55+0.08 0.43+0.08 0.52+0.08 0.49+0.08 0.5+0.08 0.56+0.07



RMSE 5.58+0.31 5.13+0.31 5.41+0.42 6.63+0.59 8.09+0.62 9.1+0.59 10.21£0.62 10.64+0.72 10.95+0.74 10.57+0.69 9.09+0.59

MAE 0.38+0.04 0.35+0.03 0.41+0.04 0.52+0.06 0.62+0.06 0.68+0.06 0.79+0.06 0.83+0.07 0.85+0.07 0.8+0.06 0.67+0.06

NMAE 54.3£5.0 52.9+5.1 53.9+5.6 47.245.2 43.9+4.3 42.6+3.7 45.9+3.5 44.4+3.8 44.7£3.8 46.8+3.9 44.7+4.1
_ R 0.25+0.08 0.35+0.08 0.45+0.10 0.49+0.12 0.6+0.08 0.63+0.06 0.56+0.07 0.61+0.07 0.56+0.08 0.58+0.07 0.53+0.07
-og) RMSE 5.19+0.30 5.28+0.32 6.59+0.51 6.57+0.59 6.68+0.51 8.12+0.52 9.02+0.55 9.67+0.66 10.25+0.70 9.54+0.62 9.48+0.61
?'3 MAE 0.39+0.02 0.43+0.03 0.54+0.05 0.5+0.06 0.5+0.05 0.59+0.06 0.65+0.05 0.71£0.07 0.77+0.07 0.71+0.06 0.71+0.06
. NMAE 57.2+4.2 64.7+4.2 70.7+6.0 45.8+5.4 35.2+3.7 37.0+3.5 38.1+3.3 38.2+3.6 40.6+3.7 41.6+3.6 47.7+4.2
. R 0.42+0.07 0.37+0.08 0.49+0.09 0.57+0.10 0.52+0.09 0.66+0.06 0.6+0.06 0.62+0.07 0.64+0.06 0.57+0.07 0.53+0.07
[}
—8 RMSE 4.68+0.27 4.7£0.28 4.26+0.34 6.18+0.56 7.53+0.58 8.15+0.52 9.18+0.56 10.17+0.69 10.1£0.69 10.08+0.65 9.21+0.60
;2&_5‘ MAE 0.35+0.03 0.36+0.03 0.33+0.03 0.44+0.06 0.53+0.06 0.56+0.06 0.65+0.06 0.760.07 0.76+0.07 0.75+0.07 0.67+0.06
~

NMAE 50.4+3.9 54.1+4.2 43.9+4.2 40.5+5.5 37.4+4.5 35.3+3.7 38.0+3.5 41.0+3.8 39.9+3.6 43.5+3.8 45.3+4.2

7. WCT dilation sensitivity.

Although 480 m is identified as the optimal dilation, it would be helpful to include in the Supplement a
systematic comparison table showing (i) five-peak hit rates under different dilation factors and (ii)
“largest-peak only” vs. “multi-peak candidate” performance.

Response: We agree with the reviewer's opinion. Although Figure 1 has confirmed that a 480 m dilation
factor is reasonable for the CATS signal, it is still unknown whether there are differences in the hit rates of
multiple WCT peaks under different dilation factors. We followed the reviewer's suggestion and tested the
hit rates of five peaks for PBLH under different dilation factors in the supplementary materials (Table S1),
and compared the differences between the multiple peaks hit rate and the hit rate of largest-peak. It is worth
noting that in the calculation of the hit rate for multiple peaks, there are some differences in the accuracy of
the first peak compared to those shown in Fig. 1a in the manuscript. This is because our multi-peak hit rate
is looking for the peak that is closest to the true value. The largest-peak hit rate only considers an accurate if
the distance between the position of the maximum peak and the true PBLH value is less than the set
threshold. For the multi-peak hit rate, the total hit rate is the highest when the dilation factor is 480 m.

Therefore, it can be concluded that selecting 480 m as the dilation factor in this work is optimal.

Table S1. Accuracy (%) and mean absolute error (m) for the first five peaks with different dilation factors
range from 240 m to 960 m.

Dialation (m) 240 360 480 600 720 840 960
First Peak 29.67 32.57 35.77 37.8 38.77 39.18 38.41

g Second Peak 17.58 17.21 17.07 16.16 16.92 16.72 15.65

2> Third Peak 13.87 14.23 13.62 13.31 13.01 12.25 10.11

% Fourth Peak 14.68 12.91 11.16 12.04 9.1 4.27 0.56
2 Fifth Peak 12.65 11.89 12.55 6.55 1.37 0 0

Total 88.45 88.81 90.17 85.86 79.17 72.42 64.73

First Peak 201.1 212.6 225.8 240.9 255.6 271.3 278.6

e Second Peak  225.2 245.8 255.0 271.5 280.8 298.6 300.2

;3/ Third Peak 224.8 2155 233.8 2529 294.9 300.5 305.6

§ Fourth Peak 214.9 225.0 232.0 248.7 2443 250.4 236.8

Fifth Peak 2123 220.7 241.4 217.1 289.7 - -




