“Response to the reviewer’s comments”

Reviewers/Editor comments:

The authors would like to thank the respected reviewers and the associate editor for their valuable
comments. Following are the authors’ responses and corresponding corrections.

Referee #1:

1. The abstract's description of the model's evaluation, stating that "Our evaluation of the model
demonstrates its proficiency in addressing the discontinuities evident in PSINSAR results,
resulting in a continuous subsidence surface," is insufficiently precise. It is advisable to
incorporate specific evaluation metrics and outcomes to better understand the model's
performance.

Thank you for your insightful feedback. We have revised the abstract to include specific
evaluation metrics and outcomes, thereby providing a clearer depiction of the model's
performance. The updated abstract now reads:

“Our evaluation of the model shows its efficiency in overcoming the discontinuities observed
in the PSINSAR results, producing a continuous subsidence surface. The deep CNN was
evaluated on training, validation, and testing data, resulting in RMSE of 3.99, 8.47 and 9
mm, respectively. In contrast, Root Mean Square (RMSE) of the traditional interpolation
methods such as Kriging, IDW, and RBF are obtained on test data as 61.60, 66.21, and 61.76
mm, respectively. Also, a coefficient of determination (R?) of CNN, Kriging, IDW, and RBF
are achieved 0.98, -0.06, -0.22, -0.06, respectively.”

2. The introduction section ought to encompass a broader literature review focusing on recent
advancements in the field of land subsidence, particularly studies that incorporate PSINSAR
technology and deep learning techniques. This comprehensive review would better
contextualize the research background and underscore its significance.

We appreciate your suggestion to enhance the literature review in the introduction. We
have expanded this section to include recent advancements in land subsidence studies,
particularly those involving PSINSAR technology and deep learning techniques. The
revised introduction now includes references to key studies such as:

(Please see the lines 103-125)

e Kumar, S., Kumar, D., Donta, P. K. and Amgoth, T.: Land subsidence prediction using
recurrent neural networks. Stochastic Environmental Research and Risk Assessment.
36, 373-388, https://doi.org/10.1007/s00477-021-02138-2 2022.

e Radman, A., Akhoondzadeh, M. and Hosseiny, B.: Integrating INSAR and deep-
learning for modeling and predicting subsidence over the adjacent area of Lake Urmia,
Iran. GISCI REMOTE SENS. 58, 1413-1433,
https://doi.org/10.1080/15481603.2021.1991689, 2021.



https://doi.org/10.1007/s00477-021-02138-2
https://doi.org/10.1080/15481603.2021.1991689

e Ma,P., Zhang, F. and Lin, H.: Prediction of INSAR time-series deformation using deep
convolutional neural networks. Remote sensing letters. 11, 137-145,
https://doi.org/10.1080/2150704X.2019.1692390, 2020."

3. The paper should furnish comprehensive details regarding the Sentinel-1A images employed
in the study. This includes specifying the acquisition intervals, spatial resolution, and other
pertinent parameters. Additionally, a thorough description of the GNSS (Global Navigation
Satellite System) and groundwater monitoring data, including their source, frequency of
collection, and processing methods, is essential to enhance the transparency and reproducibility
of the research.

Many thanks for your comment here, the revised description now reads: (Please see the
paper lines 302-334):

“3.2. Datasets
3.2.1. Sentinel-1A Radar Images

This study utilizes 72 radar images from the Sentinel-1A satellite to analyse subsidence trends
in the study area over a seven-year period, from 2014 to 2020, Ascending and in satellite track
28. The Sentinel-1A satellite, launched by the European Space Agency (ESA), operates in C-
band and provides Synthetic Aperture Radar (SAR) imagery with a spatial resolution of 5
meters by 20 meters. The images were acquired at six-day intervals, ensuring high temporal
resolution for detecting ground movements. The Interferometric Wide (IW) swath mode was
used, offering comprehensive coverage of the study area.

The PSInSAR technique was applied to the Sentinel-1A data using Sarproz software. This
method is particularly effective in urban and semi-urban areas where permanent scatterers are
abundant. The precise processing steps involved co-registration, interferogram generation,
phase unwrapping, and geocoding to produce detailed subsidence maps.

3.2.2. Digital Elevation Model (DEM)

The 30-meter Shuttle Radar Topography Mission Digital Elevation Model (SRTM DEM) was
employed to calculate various topographical and hydrological indices, including SPI, TWI,
slope, and aspect. These indices were computed using ArcMap software, providing essential
insights into the terrain characteristics influencing subsidence.

3.2.3. Optical Satellite Images

Optical images from the Landsat 8 satellite, launched by NASA, were used to extract NDVI
and land use information for the year 2020. The Landsat 8 images, with a spatial resolution of
30 meters, were processed using Envi software to calculate average annual changes in NDVI
between 2014 and 2020. This analysis helps in understanding the impact of vegetation and land
use changes on subsidence.

3.2.4. Groundwater Monitoring Data

Groundwater level changes were investigated using data from piezometric wells within the
study area. The groundwater monitoring data, covering the period from 2014 to 2020, were
sourced from the regional water authority. These data were collected monthly and provided
detailed information on the groundwater table fluctuations. The data were processed to generate
water table maps, which were then analysed in relation to subsidence patterns.


https://doi.org/10.1080/2150704X.2019.1692390

In areas with high densities of exploitation wells, the probability of subsidence increases due
to significant groundwater extraction. The distance from these wells was calculated and
included as one of the driving forces for subsidence.”

The methodology section requires further elaboration, particularly about the training process of
the CNN model. Providing details such as the rationale behind selecting specific loss functions,
the hyperparameter tuning process, and the specific data preprocessing steps employed will
greatly aid readers in understanding the implementation process. Clarifying these aspects will
strengthen the credibility and reproducibility of the methodology.

We appreciate your suggestion to elaborate on the methodology section. We have
expanded this section to include detailed information about the training process of the
CNN model, selection of loss functions, hyperparameter tuning, and data preprocessing
steps. The revised methodology section now includes:

“2.2.1. Hyperparameter Tuning Process

After creating the model architecture, model inputs were normalized to a range of [0, 1] to
ensure consistent input scaling, which is crucial for the stable performance of the neural
network. Then we tuned the hyperparameters of the CNN regression model, including the loss
function, optimizer, batch size, learning rate, activation function, and number of epochs. The
best model was saved based on its performance metrics. The rationale for each hyperparameter
is explained in detail and the optimal parameters for the model are given in Table 1:

e Activation function: We used the Rectified Linear Activation (ReLU) function in the
hidden layers due to its effectiveness in mitigating the vanishing gradient problem and
promoting sparse activations. For the output layer, a Linear activation function was
employed to ensure the model could predict a continuous range of values.

e Loss function: We considered both Mean Squared Error (MSE) and Mean Absolute
Error (MAE) as potential loss functions. MSE penalizes larger errors more heavily than
MAE, making it suitable for scenarios where outliers significantly impact the model's
performance. Given MSE's properties and its ability to improve the model's
performance by reducing fluctuations and speeding up convergence, we selected MSE
as our loss function. The MSE is calculated as follows:

MSE = 1/y 5¥ (1)’

where Y; represents the actual values, Y; represents the predicted values, and N is the
number of observations.



e Batch Size: We experimented with batch sizes of 64 and 128. A larger batch size of
128 was chosen as it provided a good balance between training speed and model
performance, allowing more stable gradient estimates.

e Learning Rate: The initial learning rate was set to 0.001, but we found that a smaller
learning rate of 0.0001 led to more gradual and stable convergence, reducing the risk
of overshooting the optimal solution.

e Optimizer: The Adam optimizer was selected for its adaptive learning rate capabilities
and efficiency in handling sparse gradients. It combines the advantages of both the
AdaGrad (Adaptive Gradient Algorithm) and RMSProp (Root Mean Square
Propagation) algorithms, making it suitable for our regression task.

o Number of Epochs: We initially set 100 epochs but extended this to 150 epochs to
ensure the model had sufficient time to learn the underlying patterns in the data without
overfitting.

o To divide the data: we initially allocated 15% to the test data, 15% to the validation
data, and 70% to the training data. However, we observed high-cost function
fluctuations in the training and validation data. To mitigate this issue, we adjusted the
data split to 80% for training and 10% each for testing and validation, which helped

reduce the fluctuations”

5. While the paper mentions that the CNN model outperforms the Kriging interpolation method,
a more in-depth performance comparison analysis is warranted. Incorporating additional
performance metrics, such as the coefficient of determination (R2), mean absolute error (MAE),
and root mean square error (RMSE), would provide a more comprehensive evaluation of the
models. Furthermore, conducting statistical significance tests, such as t-tests or ANOVA,
would strengthen the conclusions regarding the superiority of the CNN model. This enhanced
analysis will lend greater credence to the findings and facilitate their interpretation.

Thank you for your valuable suggestion. We have expanded the performance
comparison analysis to include additional performance metrics and statistical
significance tests. The revised analysis now includes:

We evaluated the performance of the CNN model and the Kriging interpolation method
using the coefficient of determination (R?), mean absolute error (MAE), and root mean
square error (RMSE). The results are as follows:



« CNN:R2=0.98, MAE = 3.69, RMSE = 9.06

« Kriging: R2 = -0.06, MAE = 37.90, RMSE = 61.60
« IDW: R2=-0.22, MAE = 39.30, RMSE = 66.21

« RBF: R2=-0.06, MAE = 37.92, RMSE = 61.76

To further validate the superiority of the CNN model, we conducted statistical
significance tests. A t-Test was performed to compare the performance metrics,
with the results indicating a statistically significant improvement in the CNN
model's performance over the Kriging method (p-value < 0.05)

The paper should provide a more thorough explanation of why the selected driving factors (e.qg.,
land use/cover changes, geology, aquifer characteristics, water management, etc.) are
significant in predicting subsidence. This explanation should be supported by relevant literature
to demonstrate that these factors have been identified as important predictors in previous
studies. Clarifying the rationale behind the choice of these factors will strengthen the credibility
of the model.

We appreciate your recommendation to provide a more thorough explanation of the selected
driving factors. We have expanded this section to include detailed explanations supported by
relevant literature. The revised explanation now reads: (Please see the paper lines 302-334):

“The selected driving forces for predicting subsidence include land use/cover
changes, geology, aquifer characteristics, and water management. These factors were
chosen based on their demonstrated significance in previous studies:

1. NDVlisacrucial indicator of vegetation health and land cover changes. Changes in NDVI
can reflect alterations in land use practices, such as urbanization or agricultural expansion,
which are closely linked to subsidence. Healthy vegetation typically reduces the need for
excessive groundwater extraction, while barren or urbanized areas might correlate with

higher subsidence due to increased groundwater use.

2. The distance from groundwater extraction wells is a critical factor in subsidence studies.
Areas closer to high-density exploitation wells often experience more severe subsidence

due to the localized impact of extensive groundwater withdrawal.

3. Land use changes, including urbanization, agricultural expansion, and deforestation,
influence subsidence rates. Urban areas often experience higher subsidence due to

increased groundwater extraction for residential, industrial, and agricultural purposes.



Groundwater level changes, as depicted in water table maps, are directly linked to
subsidence. Over-extraction of groundwater leads to a drop in the water table, causing the
ground to compact and subsidence. Groundwater depletion is a primary contributor to
subsidence, emphasizing the importance of preventing unauthorized withdrawals and

effectively managing water resources.

Altitude influences subsidence through its effect on hydrological processes.
Altitude affects the distribution and movement of groundwater. Higher altitudes
typically receive more precipitation, which can infiltrate the ground and recharge
aquifers. At lower altitudes, reduced precipitation and higher evaporation rates
can lead to a lowering of the water table. When groundwater is extracted faster
than it is replenished, it can result in subsidence. The amount of water in the soil,
influenced by altitude through precipitation and drainage patterns, affects soil
compaction. High altitude areas with abundant rainfall can lead to saturated soils
which are less prone to subsidence. Conversely, in lower altitude areas with less
precipitation, soils may dry out and compact more easily, contributing to
subsidence.

Slope affects water runoff and infiltration rates. Steeper slopes may reduce
infiltration, leading to less groundwater recharge and potentially higher
subsidence rates in adjacent flat areas.

Aspect affects solar radiation and, consequently, evaporation and soil moisture
levels. Different aspects can lead to variations in vegetation cover and
groundwater recharge, influencing subsidence. Additionally, the slope and aspect
of an area can influence drainage patterns, erosion, and sediment production, all
contributing to subsidence.

The Stream Power Index (SPI) measures the power of water flow in depositing
and causing soil erosion. As a result, this index can be an important input for
subsidence prediction models. The equation used to calculate SPI is as follows
(Pradhan et al., 2014):

SPI = a * tanf
(4)

Here, a flow accumulation, and B represents the slope. Land subsidence results
from a combination of factors, including both topographic and altitude-related
features, such as rainfall and lithology. Research has demonstrated that areas at
lower altitudes tend to experience more subsidence.

The Topographic Wetness Index (TWI) is a mathematical formula that
quantifies the effect of local topography on the flow of surface water. It is a
physically based index that can be used to determine flow direction and
accumulation and has many practical applications in fields such as hydrology,
agriculture, and geology. TWI indicates areas of potential soil moisture
accumulation. Areas with high TWI values are likely to have more groundwater
recharge, which can mitigate subsidence.”



7.

10.

Visualizations are crucial in presenting the results in an intuitive and comprehensible manner.
The results section should include subsidence prediction maps generated by the CNN model
and the Kriging interpolation method, as well as error distribution maps that show the spatial
distribution of prediction errors. These visualizations will help readers better understand the
performance of the different methods and identify areas of high or low prediction errors.

Thank you for your valuable feedback. We have included visualizations in the results
section to enhance the presentation of the findings. The revised results section now
includes:

1. Subsidence Prediction Maps: Generated by both the CNN model and the
Kriging interpolation method, these maps provide a visual comparison of the
predicted subsidence surfaces.

2. Error Distribution Maps: These maps illustrate the spatial distribution of
prediction errors for both methods, highlighting areas with high or low
prediction errors.

The discussion section should expand on the advantages and limitations of the proposed CNN
model. It should discuss how the model performs in different scenarios, such as urban and
rural areas, and identify potential factors that may affect its accuracy. Additionally, the
section should explore potential improvements to the model, such as incorporating additional
data sources or employing more advanced deep learning architectures. Furthermore, it should
discuss the broader implications of the findings and suggest future research directions.

Many thanks for your comment here, we have thoroughly revised the conclusion section of
our manuscript. The updated conclusion, which incorporates the necessary changes and
addresses the concerns raised, is detailed in our response to comment 11.

To ensure the paper is situated within the current research landscape, it should cite more
recent studies published in the field of subsidence prediction using remote sensing and deep
learning. These references should cover both methodological advances and case studies
relevant to the current research. Incorporating a more comprehensive literature review will
strengthen the paper's theoretical foundation and position it within the broader research
context.

Thank you for highlighting this point. we have updated the literature review to include
more recent studies on subsidence prediction using remote sensing and deep learning. The
references for these updated studies are provided in our response to comment 2.

The paper mentions the Kriging interpolation method but lacks a thorough
comparative analysis with other traditional interpolation methods. Conducting a
comparison with methods such as inverse distance weighting (IDW), radial basis
functions (RBF), and others would provide a more comprehensive evaluation of the
CNN model's performance. This comparison would help readers understand the
advantages and disadvantages of different approaches and facilitate the selection of
the most appropriate method for their specific application.



We appreciate your recommendation for a more comprehensive comparison. The
revised results section now includes a comparative analysis of the CNN model with
traditional interpolation methods such as IDW and RBF. This analysis provides:

1. Performance Metrics: A comparison of R2, MAE, RMSE, and other relevant
metrics across different methods.

2. Visualizations: Comparative visualizations of the subsidence prediction map
for CNN and Kriging and error distribution maps for CNN, Kriging, IDW, and
RBF.

11. The conclusion should summarize the key findings and contributions of the study. It should
highlight the advantages of the proposed CNN model in predicting subsidence and discuss its
potential applications and limitations. Additionally, the conclusion should provide specific
suggestions for improving the model and identify potential future research directions. By
strengthening the conclusion, the paper will leave a lasting impression on readers and
motivate further research in this important area.

We appreciate your suggestion to expand the conclusion section. The revised
conclusion section now includes:

“In summary, our study introduced a Convolutional Neural Network (CNN) model to
generate a continuous subsidence surface for the entire study area, integrating key driving
forces such as NDVI, distance from wells, land use, water table maps, altitude, slope, SPI,
TWI, and aspect. This approach effectively addressed the limitations of the PSINSAR method,
which, while reliable for gradual land deformation, provides discrete results limited to
persistent scatterers (PSs) and is less effective in vegetated areas.

The CNN model demonstrated significant advantages over traditional interpolation methods
like Kriging, IDW, and RBF. The RMSE values for the CNN on the training, validation, and
test datasets were 3.99 mm, 8.47 mm, and 9 mm, respectively, compared to much higher
RMSE values for Kriging (61.60 mm), IDW (66.21 mm), and RBF (61.76 mm) on the test
dataset. Additionally, the CNN achieved an R2 score of 0.98 on the test dataset, reflecting its
high predictive accuracy, while traditional methods showed negative R scores, highlighting
their inadequacies.

The CNN-based method provided an 85% improvement in prediction accuracy over
traditional methods, proving its robustness and effectiveness, particularly in areas with sparse
and irregularly distributed data.

The CNN-based model offers a robust and accurate tool for subsidence prediction, making it
valuable for urban planning, infrastructure maintenance, and environmental monitoring. Its
ability to integrate multiple driving forces allows for a comprehensive analysis of subsidence,
facilitating better-informed decision-making and mitigation strategies. However, the model
also has limitations. It requires extensive driving forces for accurate predictions, and its
performance may vary across different geographical regions. Additionally, training the
network necessitates significant computational resources, including powerful hardware with
high GPU capacity.



To further enhance the CNN model and broaden its applicability, future research could focus
on the applying the model to diverse geographical regions to test its adaptability and identify
region-specific subsidence drivers.

Another way to improve model accuracy and robustness is incorporating additional data
sources, such as bedrock depth, climate data.”

Thank you for your valuable feedback, which has significantly contributed to the improvement of our
manuscript.



