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Abstract: Weather radar is a useful tool for monitoring and forecasting severe weather but has limited
coverage due to beam blockage from mountainous terrain or other factors. To overcome this issue, an
intelligent technology called “Echo Reconstruction UNet (ER-UNet)” is proposed in this study. It
reconstructs radar composite reflectivity (CREF) using observations from Fengyun-4A geostationary
satellites with broad coverage. In general, ER-UNet outperforms UNet in terms of root mean square
error (RMSE), mean absolute error (MAE), structural similarity index (SSIM), probability of detection
(POD), false alarm rate (FAR), critical success index (CSI), and Heidke skill score (HSS). Additionally,
ER-UNet provides the better reconstruction of CREF compared to the UNet model in terms of the
intensity, location, and details of radar echoes (particularly, strong echoes). ER-UNet can effectively
reconstruct strong echoes and provide crucial decision-making information for early warning of
severe weather.

Keywords: severe weather; deep learning; composite reflectivity; geostationary satellites

1. Introduction

Severe weather can lead directly to dangerous weather phenomena that manifest in
strong convection, rainstorms, typhoons, and so on, causing significant economic losses
and endangering human lives [1,2]. With the intensification of climate change, severe
weather events have become more frequent, causing serious impacts worldwide [3]. There-
fore, the accurate monitoring of severe weather is very important for disaster prevention
and mitigation.

Currently, weather radar with a high spatiotemporal resolution is one of the main
tools for monitoring severe weather [4]. Reflectivity factors of weather radars can indicate
the intensity of meteorological targets and, therefore, are widely used in the meteorological
field. For example, when the reflectivity is greater than 35 dBZ, it usually signals the
occurrence of strong convection [5]. The reflectivity can be converted into rainfall through
the Z-R relationship for monitoring rainfall intensity [6]. The reflectivity maps (also known
as radar echo maps) play an important role in in identifying different weather conditions.
Furthermore, the radar reflectivity factor has also been applied to data assimilation, short-
term and impending weather forecasts, and other fields [7,8]. However, deploying and
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operating weather radars in complex terrains, such as mountainous areas, is extremely
challenging [9]. This makes it extremely hard to accurately monitor severe weather over
large regions like the entirety of Asia using weather radars.

In comparison, the Earth observation technique can access global information for
monitoring and collecting data on weather, hydrology, vegetation growth, and human ac-
tivities. Remote sensing satellites play a crucial role in earth observation, and these satellites
provide globally comprehensive data, capturing information in various spatial, spectral,
and temporal resolutions [10,11]. In terms of the scope of observation, the geostationary
(GEO) satellite has been deployed in terrestrial equatorial orbits and is not affected by
topography, thus providing meteorological information on a global scale, which is advanta-
geous. The convective system can be tracked by utilizing the visible light, infrared channel,
and brightness temperature difference of the GEO satellite [12-15]. With the advancement
of remote sensing technology, the new generation of GEO meteorological satellites, such
as Fengyun-4A (FY-4A) from China and Himawari-8 from Japan, have improved their
spatial and temporal resolutions and radiometric accuracy [16,17]. GEO satellites can
improve severe weather monitoring, compensating for radar deficiencies during convective
systems over remote and mountainous regions and oceanic areas. Due to limitations in
the wavelength, GEO satellites can only provide information about cloud tops and not the
three-dimensional structure of convective scales [18]. Consequently, expanding the use of
GEQO satellites for disaster monitoring can be achieved by converting GEO satellite data
into radar reflectivity. This will provide a wider range of radar observations. However,
the traditional physical retrieval algorithm has limitations in satellite data and can only
provide a maximum optical thickness roughly equivalent to a radar reflectivity factor of
20-25 dBZ [19].

In recent years, deep learning (DL) has achieved better results than traditional methods
in many fields [19-21]. Due to its data-driven nature, deep learning can efficiently handle
large and complex datasets, and it has become a crucial tool in remote sensing [22]. For
instance, many researchers utilize DL techniques to effectively incorporate spatiotemporal
information in short-term forecasting. Constructing forecasting models can yield superior
forecasting results compared to the optical flow method in terms of accuracy and time
efficiency [23-26]. Studies have shown that DL methods can efficiently establish the
complex nonlinear relationship between meteorological observations and precipitation
for quantitative precipitation estimation (QPE). As a result, a more precise QPE product
can be obtained [27-29]. Additionally, DL can also be utilized for disaster monitoring, e.g.,
landslide extraction [30].

In the above studies, a CNN-based model called UNet was widely employed. UNet
has a fully convolutional architecture with an encoder-decoder structure, initially designed
for semantic segmentation tasks [31]. Since the model has achieved remarkable results in
the field of semantic segmentation, it has also been gradually used to solve the problem
of image-to-image in other fields. This study aims to develop a reconstruction model that
takes satellite data as input and produces the radar echo map as output. As a solution
for reconstructing the radar reflectivity factor, UNet is being utilized. For instance, Duan
employed the UNet model to reconstruct radar CREF from Himawari-8 satellite data,
resulting in better reconstruction when inputting multi-band satellite observations as
opposed to single-channel satellite observations [32]. By using UNet, Hilburn conducted
the reconstruction of radar CREF with GOES-R satellite observations [19], while Sun et al.
used the FY-4A satellite observations to reconstruct radar CREF [33]. Yu et al. focused on the
reconstruction of radar CREF in an ocean area based on Himawari-8 satellite observations
and UNet [34]. While GEO satellite observations can be used for CREF reconstruction
through UNet, accuracy and overall underestimation issues remain, particularly for strong
echoes. In addition to the differences in detection principle between the two types of
observation data, the issue is also caused by the limitation of UNet’s structure. Specifically,
the fixed receptive field of UNet poses a challenge in effectively perceiving objects at
various scales and gathering enough feature information. As a result, UNet has limited
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representation capabilities [35,36]. Moreover, continuous downsampling leads to the loss
of spatial information [37-39].

To address these issues, this research proposes an intelligent technology that uses
the UNet backbone network to reconstruct radar CREF. The technology extracts different
features on different scales using hybrid convolutional (conv) modules with various sizes of
receptive fields. Then, it utilizes the properties of a discrete wavelet transform to construct
an enhanced pooling module that compensates for the lost spatial information in the
downsampling process. To address data imbalance, data augmentation and weighted
loss functions are employed. Compared to UNet, this model achieves the reconstruction
of reflectivity with smaller errors and can accurately capture stronger echoes (35 dBZ).
Additionally, the model can use GEO satellite observations to provide radar CREF in areas
where radar coverage is limited, thus enhancing the monitoring capabilities for severe
weather conditions in those regions.

The rest of this study is as follows: Section 2 introduces the data source and the data
processing. Section 3 presents the overall structure of the model and the information of
the designed modules. The statistical results and case analysis are described in Section 4.
The discussion of the result is presented in Section 5. Section 6 draws the summary of this
experiment and future prospects.

2. Data and Data Processing
2.1. Satellite Observations

The FY-4A GEO satellite observations used in this study were downloaded from
Fengyun Satellite Remote Sensing Center (http:/ /satellite.nsmc.org.cn/PortalSite /Data
(accessed on 10 March 2023)). The FY-4A GEO satellite was launched on 11 December
2016, positioned at 104.7°E in May of the following year, and entered operational service in
September. As a comprehensive atmospheric observation satellite, the FY-4A GEO satellite
is equipped with the Lightning Mapping Imager (LMI), the Advanced Geosynchronous
Radiation Imager (AGRI), and the Geostationary Interferometric Infrared Sounder (GIIRS).
The observation area covers East Asia, Australia, and the Indian Ocean. The primary role
of the AGRI is to acquire satellite imagery with 14 bands, including the visible (VIS) bands,
near-infrared (NIR) bands, and infrared (IR) bands. It can collect satellite imagery of the
China region every 5 min and a full disk scan every 15 min. The spatial resolution of the
collected data ranges from 0.5 km to 4 km, and all bands include data with a resolution of
4 km [40].

Referring to the recent study by Sun et al. [33] and the physical interpretation between
remote sensing data and weather systems such as convection, this study uses some bands
related to cloud microphysical properties and hydrometeors, and the brightness temper-
ature differences (BTDs) between bands, as shown in Table 1. The VIS and NIR bands
contain more information about clouds but are only available during the daytime, while
the IR bands enable all-day observation. Therefore, according to the different input data,
this study constructs the Model (VIS) with VIS and NIR band observations as input and the
Model (IR) with IR band observations as input. These two models are used to discuss the
influence of different data on the accuracy of radar CREF reconstruction. In this study, the
observation data selected from the L1-level Chinese regional data at the 4 km resolution
of the FY-4A satellite are mainly used. According to Table 1, the study only retains seven
bands of satellite observations. In addition to L1-level observation data, the study also
employs the L2-level products Cloud Mask (CLM) and lightning mapping imager (LMI)
products for data preprocessing and data augmentation.
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Table 1. The central wavelength and physical meaning of input bands for different models.

Input Bands Central Wavelength Physical Meaning Model Index
Band02 0.65 um cloud optical thickness
Band05 1.61 pm cloud phase, cloud effective particle radius Model (VIS)
Band06 2.225 pm cloud phase, aerosol
Band07 3.725 um clouds, moisture
mid-level water vapor
Band13 108 pm cloud top temperature Model (IR)
Band14 12.0 pm cloud top temperature
BTDs 10.8 um—6.2 um cloud top height relative to tropopause
2.2. CREF

The CREF is a volume scanning product generated by the algorithm based on the radar
base reflectivity factor, which can show the maximum base reflectivity factor distribution
of the entire detectable atmospheric space. Compared with the base reflectivity factor, the
CREEF can reflect the structural characteristics and intensity changes of the storm in more
detail and can judge the thickness and height of the cloud, which provides a good reference
for the identification, monitoring, and forecasting of strong convective weather such as
rainfall and storms [41].

The radar data used in this study are derived from the China Next Generation Weather
Radar (CINRAD) network, which can be downloaded from the National Meteorological
Science Data Center (http://data.cma.cn (accessed on 22 November 2022)). Figure 1 shows
the topographic features, the study area (red box), and the radar distribution. The dots of
different colors represent different bands of radar. From Figure 1, it is evident that there are
more radars in the eastern plains, with fewer located in the higher-elevation areas of the
western and northern regions. Radar coverage is not complete across China, particularly
in the Qinghai-Tibet Plateau, Xinjiang, and Inner Mongolia. Considering the temporal
distribution of precipitation, the observed radar CREF from April to October 2022 was
downloaded, and we initially obtained the CREF maps with a time resolution of 6 min and
a spatial resolution of 2 km.
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Figure 1. Topography of China and distributions of weather radars.
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2.3. GPM Data

The Global Precipitation Measurement (GPM) mission is a collaborative satellite
program between NASA and JAXA [42]. Its objective is to generate accurate precipitation
data by integrating various satellite data with ground cover and surface temperature data.

The GPM products are categorized into three types based on the inversion algorithms.
Specifically, the late product with a temporal resolution of 30 min and a spatial resolution
of 10 km for the China regions was selected for verification, which can be downloaded
from the following website: https://disc.gsfc.nasa.gov/data (accessed on 20 June 2023).

To evaluate the performance of the model in areas without radar observations, GPM
precipitation data is utilized in the experiment to assess the model’s reconstruction of
CREEF. This was primarily because the precipitation is moderately correlated with radar
reflectivity; although GPM cannot fully quantify the effectiveness of CREF reconstruction, it
can serve as supplementary information to indicate the distribution of radar reflectivity in
the absence of radar coverage [34,43]. Additionally, the precision of GPM precipitation data
is relatively high compared to other satellite precipitation products due to the integration
of multiple satellites and rain gauge data [44,45].

2.4. Data Processing

According to the radar distribution, we selected the geographical coordinates of the
research area within the range of 25.4°N to 42°N and 106.12°E to 124°E, as shown in
Figure 1. Before data processing (see Figure 2), the unreadable samples in the downloaded
data were deleted.

___________ |
FY4A Observations : CREF LMI |
— |
— = e = - ==
| - S e e e e e e e e — l |
/o
|
I
| I
| Translate Resolution to 4 km |
| And Clipping Data |
I
| |
| I
| Matching data by Time Difference |
(Time Diff < 3 min) E I
I g
>
I =
w |
I Apply CLM ] I
L —————— - Remove clear sky pixels :‘-_: |
l S‘ |
I
Remove sparse sample l
i Split Train Dataset
Maximum & minimum normalization ——— >
Test Dataset

Figure 2. The flowchart of data processing procedure.

First, spatiotemporal matching is performed to construct data pairs. Due to the
different time sampling intervals, different types of data with a difference of less than
3 min were paired in this experiment. Next, to align with the spatial resolution of satellite
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observations, the CREF, CLM, and LMI data were resampled using the nearest neighbor
interpolation algorithm to attain a 4 km resolution. Then, the resampled data were extracted
based on the latitude and longitude information of the study area. After spatiotemporal
pair matching, the size of matched samples became 416 x 448.

Second, to ensure accurate training of the CNN model, we employed CLM products to
eliminate satellite observations and CREF in clear sky pixels. The CLM products comprise
values of 0 and 1, denoting clear sky and cloudy pixels, respectively. By multiplying the
CLM data with satellite and radar data, only the value of the data corresponding to cloud
pixels was retained, reducing the impact of clear sky pixels on the model.

Third, to reduce the impact of sparse data on model training, all input data were
filtered before training based on the proportion of non-zero reflectivity. If the proportion
was less than 0.6, the corresponding matched sample was deleted.

Fourth, to speed up model convergence, maximum and minimum normalization were
applied to the matched samples, ensuring data values were between 0 and 1, as expressed
in Equation (1).

¥ = X min 1)
max — min
where x; denotes the i-th sample, min denotes the min values of all samples, max denotes
the max values, and x/ denotes the i-th normalized sample.

Fifth, all processed data were split into a training set and a testing set with an 8:2 ratio
for model training and testing.

To address the issue of imbalanced distribution of radar CREF, the matched samples
were expanded during training. If the observed radar CREF was greater than 20 dBZ
and exceeded 10%, horizontal flipping and rotating 180° were applied to expand the
corresponding matched sample data. Additionally, since most lightning occurs in strong
echoes between 35 dBZ and 50 dBZ [46], the same expansion operation was performed
based on LMI data. The final result comprised 5910 training samples and 1204 testing
samples. Each sample retains seven channels. For the VIS model, it inputs bands 1-3, and
for the IR model, it inputs bands 4-7.

3. Method

In this section, a hybrid conv block (HCB) and an enhanced pooling module (EPM)
are adopted. The newly proposed reconstruction model is introduced, including the
framework, loss function, and test indicators.

3.1. Hybrid Conv Block

The process of convolution involves extracting feature information within a specific
area known as the receptive field [47]. The UNet model utilizes a single convolutional
sequence in each encoder stage to perform feature extraction (Figure 3a), which restricts the
receptive field and makes it difficult for the model to accurately perceive objects of varying
sizes [48,49]. To address this issue and improve feature extraction capabilities, the HCB is
developed to replace the original conv block in UNet. The HCB allows for different sizes
of receptive fields in each stage, which enables the model to effectively extract features at
various scales.

In Figure 3b, the block is depicted as having three branches: b2 extracts small-scale
features, while b3 achieves a large receptive field and extracts large-scale features. Instead
of using the convolution of the larger receptive field, HCB expands the receptive field
through cascading 3 x 3 convolutions. It is more efficient to expand the receptive field by
stacking more layers rather than using a large kernel, and the extracted feature information
is enriched by adding intermediate scale features. The b3 branch employs different types
of convolutions, such as depthwise separable convolution (DSC) and dilated convolution
(DC), to broaden the variety of features. DSC has fewer parameters and calculations
than regular convolution [50], while DC can achieve a larger receptive field by setting the
expansion rate [51]. Branch b1 concatenates input features with the feature maps from other
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branches, making the network easier to train [52]. In HCB, all convolutions have the same
number of filters, and the resulting feature maps undergo sequential batch normalization
(BN) and activation function (AF) to alleviate gradient vanishing or exploding. This study
uses the activation function called Leaky ReLU.

input feature maps

|
| BN AF |
| 3x3  DSC3x3BN,AF : l
|
i 3%3 ) DC3x3BN, AF : C3x3
input feature maps 3x3
\ 4
3.3
3x3
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bl b2 b3
‘ 3043 Y Y
T ( concat )
output feature maps output feature maps
(a) original conv block (b) hybrid conv block

Figure 3. The conv block of the model. (a) The original conv block of the UNet. (b) The hybrid
conv block.

3.2. Enhanced Pooling Module

When UNet downsamples data, it loses some spatial information. Merging hierarchical
features using skip connections is not enough to recover this information [53]. To combat
this, our study created the EPM, inspired by discrete wavelet transform. Figure 4 shows
the structure of the EPM.

C
Fpool T C h_anne_lAEntl_on R
C onvia |
I | F output

H/2 | | W2
| d | Sigmoid |

N —

0 | H2
! |
| “

/

Figure 4. The structure of the enhanced pooling module.

Discrete Wavelet Transform (DWT) is a signal processing algorithm that breaks a
signal down into different frequency components by calculating the inner product between
the signal and wavelet function [54]. The two-dimensional DWT has a low-pass filter (LL)
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and three high-pass filters (LH, HL, and HH) that act as convolution operations with fixed
parameters and a step size of 2. For this study, we utilize the Haar wavelet as the wavelet
function, with the following parameters for the Haar wavelet filter:

fiL = G 1) fiu = (_11 _11), fuL = (:1 D, fuH = (_11 _11> 2

After performing DWT, the input signal can be divided into four sub-components, each
half the size. These sub-components represent low-frequency and high-frequency informa-
tion in different directions. The feature maps have the same size after both pooling and
wavelet transformation. The low-frequency sub-component contains the main information
of the signal, while the high-frequency sub-component mainly contains noise informa-
tion [55]. EPM utilizes Haar wavelet transformation on feature maps to extract frequency
components and reduces spatial information lost during max pooling operations. However,
to avoid adding noise, this module only retains the low-frequency sub-components of the
feature maps. Since the low-frequency sub-component and the features after max pooling
represent different domains of information with distinct feature characteristics, they are
not directly merged. Instead, the channel attention mechanism is utilized to integrate them.

The channel attention mechanism is a technique used in computer vision to re-
duce irrelevant information and increase the relevance of useful information. This is
achieved by assigning varying weights to feature vectors [56,57]. As a result, EPM can im-
prove model performance by adjusting the weights of components and gaining additional
adaptive information.

The module is calculated with the following equations:

Fpool = MﬂxPOOl(Finput) (3)
Fr1 = DWT(Convsxs(Finput)) @
F. = concat(Fyq01, Fr) ©®)

The module obtains the pooled features and low-frequency components of the same
size through Equations (3) and (4). In Equation (4), Convs 3 represents the 3 x 3 convolution
layer that mainly extracts the features initially and reduces the number of channels of the
input features by setting the number of convolution kernels to prevent excessive parameters.
In the study, the number of convolution kernels is half of the input. The mixed features
resulting from concatenation are obtained by using Equation (5).

We(E.) = o(Conv],(AvgPool (E.)) + Conv}, ;(MaxPool(F.))) (6)

Poutput = WC(FC) ® F (7)

In the above equations, Conv] , represents two successive 1 x 1 convolution layers,
o represents the sigmoid function, and ® represents the Hadamard product. Equation (6)
is used to calculate the weight matrix of mixed feature maps F. € RA/2xW/2xC: The
weighted matrix in Equation (7) is Hadamard multiplied by the original feature map,
resulting in the weighted feature maps.

3.3. ER-UNet

Our model, Echo Reconstruction UNet (ER-UNet), is an improved UNet that utilizes
GEO satellite observations to reconstruct the radar CREF. ER-UNet follows the basic
framework of UNet, with encoding stages on the left, decoding stages on the right, and the
bottleneck layer in the middle. The feature extraction capability is enhanced by improving
the encoding stages in ER-UNet. See Figure 5 for a visual representation.
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Figure 5. The diagram of ER-UNet.

In order to extract potential physical relationships between satellite z and radar CREF,
the encoding stages are utilized primarily for feature extraction. The HCB and EPM
replace the convolutional block and max pooling, respectively. The HCB extracts scale
information to enable the model to obtain more feature information during encoding. The
EPM, on the other hand, reduces the loss of feature information during downsampling.
These two methods work together to facilitate the transmission of more useful feature
information within the model, ultimately leading to improved performance. The input
sample size of ER-UNet (VIS) is (416, 448, 3); that of ER-UNet (IR) is (416, 448, 4); the
number of convolution kernels for each encoding stage is 16, 32, 64, and 128, respectively;
and the size of its feature maps is halved in order. The number of convolution kernels in
the bottleneck layer is 256.

The final feature information from the encoding stages is sent to the decoding stages
via the bottleneck layer. Using the deconvolution operation, the decoder first upsamples
the feature information and then merges it with the low-level information sent through the
skip connection. The merged feature information is then gradually restored and improved
using BN, convolution operations, and other operations until the original size of the feature
map is regained. The feature maps representing CREF information are mapped to the radar
echo map of (416, 448, 1) through 1 x 1 convolution as the model aims to output the radar
echo map. The number of convolution kernels in each stage of the decoding process is 128,
64, 32, and 16, and the final 1 x 1 convolution has only one convolution kernel.

3.4. Loss Function and Optimizer

The loss function determines the optimization direction of the model. The experiment
uses the weighted MAE as the loss function. The weighted loss function incorporates
weights into the standard loss function, enabling the assignment of varying importance to
different sample categories during model training. The weight determines the importance
of the sample, and a larger weight means the model will focus more on the accuracy of that
sample during training. When reconstructing the reflectivity, we focus on the reconstruction
of strong echoes. Therefore, we elevate the weight value when the reconstructed CREF
is below the actual CREF and the actual CREF corresponds to strong echoes. Finally, the
weight values of 4, b, and ¢ are set to 1, 2, and 3, respectively. Through this loss function, the
model optimizes the reconstruction of strong echoes. In Equations (8) and (9), y/ represents
the i-th reconstructed CREF map, y! represents the truth, and 7 is the number of samples.
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In addition, the model uses Adam [58] as the optimizer, the batch size is set to 32, and the
initial learning rate is 0.0005.

n

1
foss = Y- w(y?) - |y}~ v ©
i=1
a, y >y
wiy)={ by <y Nyt <30 ©)

oy <y ny>30

3.5. Evaluation Function

In this study, different evaluation measures are used to gauge the performance of
the models. The RMSE and MAE are standard error metrics for regression tasks. Smaller
values indicate that the reconstructed results are closer to the actual observations.

n
RMSE = ,/%Z (vi—y))° (10)
i=1

1 n
MAE = ;Dyf — vl (11)
i=1

where y! and y! represent the i-th pixel in the observed and reconstructed CREF maps, respectively.
The SSIM is a quality assessment metric used to measure the similarity, with a range
of values from 0 to 1.

(uepr + c1) (204 + c2)

SSIM =
(12 + u? +c1) (0 + 0% + 2)

(12)

where y; and y; are the mean value of the reconstructed CREF maps and the observed
maps, respectively; o, and 0; represent the standard deviation of the reconstructed CREF
maps and the observed maps; and oy, is the covariance. ¢; and ¢, are constants.

POD, FAR, CSI, and HSS are classification metrics commonly used in meteorology
to assess the performance of weather products at different radar echo intensities. Higher
POD and lower FAR indicate better model performance. However, relying solely on POD
and FAR is not a comprehensive evaluation of the result. Therefore, the composite metric
CSI is used in this study since it provides a combined score for POD and FAR [59]. HSS,
similar to CSI, is another composite metric that also reflects overall model performance,
where a higher value is preferred. Table 2 shows the meaning of the parameters of the
categorical indicators.

POD = TPZPFN 13)

FAR = FPTTP 14)

CSI = % (15)

1SS 2 x (TP x TN — FN x FP) 6)

T FENx2+FPx242xTPx TN+ (FN+FP) x (TP + TN)

Table 2. The table of the classification score parameters.

Ground Truth

True False

True True Positive (TP) False Positive (FP)
False False Negative (FN) True Negative (TN)

Reconstruction
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4. Results

Four models, i.e., ER-UNet (VIS), ER-UNet (IR), UNet (VIS), and UNet (IR), were
used to reconstruct CREF maps over China during three heavy precipitation storms and
calculate the score of metrics. The first storm was a strong local convective storm that
occurred on 12 April 2022. The second storm had two large convective cells and a number
of small local convective cells distributing a line from north to south. Those scattering
cells moved eastward and finally merged to form a long squall line. The third one was a
heavy precipitation storm caused by the severe Typhoon Muifa, which made first landfall
at Zhoushan Island, then passed over Hangzhou Bay, and eventually went ashore in
Shanghai. The above three cases were selected from the test dataset. Additionally, to ensure
the fairness of the comparison, these models use the same activation function, loss function,
optimizer, batch size, and initial learning rate.

4.1. Case Study

To illustrate the performance of the ER-UNet, the reconstructed CREF maps are
compared to the observed CREF during two heavy precipitation storms. On 12 April 2022,
a heavy rainfall storm swept several provinces in China, including Chongqing and Hubei,
due to the southwest vortex. Some areas experienced torrential rain. As can be seen from
Figure 6b—e, all four models can reconstruct the distribution of the radar CREF. ER-UNet
(VIS) produces the best reconstruction results for intensity, shape, position, and texture
information of echoes, followed by ER-UNet (IR) and UNet (VIS). The overall quality of
reconstructed CREF maps by UNet (IR) have low resolution with few texture details and
contain a number of false CREFs.

On 28 July 2022, China experienced another heavy precipitation storm with an in-
tensive rain belt moving from north to south. Figure 6f shows that there was a large and
complex distribution of strong echoes. While the UNet model was able to reconstruct the
strong echo center, the intensity of the reconstructed CREF was low. The ER-UNet model
outperformed UNet in terms of positioning and reconstructing the intensity of the scattered
strong echoes in the southern region, making it closer to the observed radar CREE.

For a more thorough examination of the model’s capabilities, a severe typhoon was
selected for further comparison between the performance of ER-UNet and UNet in Case 3.
Specifically, Figure 6k depicts Typhoon Muifa as it made landfall in Zhejiang Province on
14 September 2022, bringing much heavier rainfall to various regions than expected. The
reconstructed CREF of ER-UNet (VIS) in Figure 6l is in good agreement with the observed
radar CREF. On the other hand, the ER-UNet (IR) in Figure 6m slightly underestimates
the intensity but still captures the strong CREF area, like the eyewall on the west side of
the typhoon eye. However, UNet exhibits a significant loss in both intensity and detail. In
addition to being influenced by the UNet structure, this problem is also due to the strong
intensity of the typhoon, which aggravates the blurry effect [60] and makes reconstruction
of the convolutional model more challenging, and the rapid movement of the typhoon,
leading to increased data matching errors that affect the accurate training of the model.
Despite some deficiencies in intensity and detail shown by all four models, the ER-UNet
effectively captures the center of the severe convective cells and aligns well with the
observed radar CREF In all the three cases, the improved reconstruction model, ER-UNet,
can produce results that are closer to the actual observations than UNet.

The reconstruction performance of the model is tested in radar-deficient regions
through application cases using two precipitation events—which occurred in the northeast-
ern part of Inner Mongolia at 02:00 UTC on 17 August 2022 and at 02:00 UTC on 31 August
2022—as instances. This area is situated on the Mongolian Plateau at a high elevation
and has a sparse distribution of weather radars (see Figure 1). Therefore, the inversion of
radar reflectivity in this area has practical significance. By comparing the subgraphs in
Figure 7, the observed radar CREF fails to accurately capture the precipitation area due to
limited radar coverage. However, the distribution of reconstructed CREF can match the
precipitation pattern in terms of precipitation area and intensity. This indicates the practical
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value and strong generalization capability of our model, as it was not trained on data from
this specific area, but it could still reconstruct the radar CREF.
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Figure 6. The comparison of these case studies. The first column (Case 1) (a—e) represents the
comparison between the observed CREF and the reconstructed CREF for the heavy precipitation
storm on 12 April 2022. The second column (Case 2) (f—j) represents the comparison between the
observed CREF and the reconstructed CREF for the heavy precipitation storm on 28 July 2022.
The third column (Case 3) (k—o) represents the comparison between the observed CREF and the
reconstructed CREF for the severe Typhoon Muifa.
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Figure 7. The cases of practical application. The first column (a,d) represents actual radar observation.
The second column (b,e) represents reconstructed CREF. The third column (c,f) represents GPM
precipitation distribution. The first row shows the precipitation event that occurred at 2:00 (UTC)
on 17 August 2022. The second row shows the precipitation event that occurred at 2:00 (UTC) on
31 August 2022.

4.2. Statistical Results on Testing Data

The following are statistics from four models that use all testing data with thresholds at
15, 25, 35, and 45 dBZ. Figure 8 shows the descending order of the POD for each threshold,
with ER-UNet (VIS) having the highest POD, followed by ER-UNet (IR), UNet (VIS), and
UNet (IR). ER-UNet (VIS) still achieves a POD of 0.64 at the strong convection threshold of
35 dBZ. Overall, the POD of each model decreases as the threshold increases, with UNet
(IR) falling the most dramatically and ER-UNet (VIS) having the slowest decreasing trend,
followed by ER-UNet (IR) and UNet (VIS). UNet (IR) has the highest FAR at all thresholds,
indicating that it was the worst performer among the four models. UNet (VIS) follows as
the second worst. At thresholds of 15 and 25 dBZ, ER-UNet (VIS) outperforms ER-UNet (IR)
in terms of POD and FAR, while ER-UNet (VIS) shows a slightly higher FAR than ER-UNet
(IR) at 35 and 45 dBZ. It is noted that ER-UNet (VIS) shows a more substantial improvement
than ER-UNet (IR) in POD at 35 and 45 dBZ, by 0.14 and 0.11, respectively. Therefore, on
balance, ER-UNet (VIS) performs better than ER-UNet (IR). This is also reflected in the
composite metrics, CSI and HSS, where ER-UNet (VIS) outperforms ER-UNet (IR), UNet
(VIS), and UNet (IR) at all thresholds. Both CSI and HSS values decrease as the threshold
increases, indicating that the performance of the models deteriorates with stronger echoes.
It is worth nothing that using VIS and NIR bands yields better results than using IR bands,
and the improved model (ER-UNet) shows better performance than the original UNet.

Figure 9 presents the skills of the four models based on the statistics of RMSE, MAE,
and SSIM. For the ER-UNet (VIS), the values of RMSE, MAE, and SSIM are 0.69, 2.58,
and 0.88, respectively. For the ER-UNet (IR), the corresponding values are 0.80, 2.86, and
0.86. UNet (VIS) has values of 0.96, 3.22, and 0.85 for RMSE, MAE, and SSIM, respectively.
UNet (IR) has values of 1.33, 4.00, and 0.80 for the corresponding metrics. Similar to the
classification metrics, the improved model ER-UNet can effectively reduce reconstruction
errors and produce radar CREF that closely matches with the ground truth. The results
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show that the ER-UNet demonstrates significant improvement over UNet. The results
obtained with inputs from VIS and NIR bands are superior to those obtained with inputs
of IR bands.

EEER-UNet(VIS) [ER-UNet(IR) [ JUNet(VIS) [UNet(IR)
(b)

(a)

0.3

& 0.2
<
=
0.11
0.0-
15 25 35 45 15 25 35 45
Threshold(dBZ) Threshold(dBZ)

(d)

(c)

15 25 35 45 ' 15 25 35 45
Threshold(dBZ) Threshold(dBZ)

Figure 8. The evaluation scores of four models: (a) POD, (b) FAR, (c) CSI, and (d) HSS.
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Figure 9. The regression metrics of four models. (a) RMSE. (b) MAE. (c) SSIM.

Overall, based on the aforementioned statistics, the four models rank as follows from
high to low: ER-UNet (VIS), ER-UNet (IR), UNet (VIS), and UNet (IR). Despite some
deficiencies in the reconstruction of strong echoes by each model, the ER-UNet model
shows significant improvement in this area compared to the original UNet model.
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4.3. Ablation Analysis of ER-UNet

To validate the effectiveness of each module in ER-UNet separately, two models were
used for validation, i.e., UNet with only HCB (HCB-UNet) and UNet with only EPM
(EPM-UNet). These models are validated using inputs from different spectral bands of
FY-4A. Table 3 shows the comparison results of the selected indicators of all models, and the
thresholds of CSI and HSS are 35 dBZ (strong convection). With input data from different
bands, HCB-UNet and EPM-UNet show superior performance over UNet in terms of
metrics, indicating the effectiveness of each module. Additionally, the ER-UNet achieves
the highest score, demonstrating the effectiveness of combining HCB and EPM to enhance
model performance.

Table 3. Ablation analysis of ER-UNet.

Input Data VIS + NIR IR
Metrics RMSE MAE SSIM CSI HSS RMSE MAE SSIM CSI HSS
UNet 3.22 0.96 0.85 0.37 0.54 4.00 1.33 0.80 0.21 0.34
HCB-UNet 2.80 0.78 0.87 0.51 0.68 3.10 0.90 0.85 0.33 0.49
EPM-UNet 2.99 0.87 0.86 0.43 0.60 3.61 1.10 0.84 0.42 0.59
ER-UNet 2.58 0.69 0.88 0.55 0.71 2.86 0.80 0.86 0.44 0.61

To further demonstrate the differences between the results of different models, a
visual analysis of a heavy precipitation event on 13 April 2022 is conducted. Comparing
Figure 10g, Figure 10h, and Figure 10i with Figure 10a, the reconstructed CREF of EPM-
UNet (VIS) and HCB-UNet (VIS) are closer to the real CREF in texture details than UNet
(VIS), and can reconstruct strong echoes above 45 dBZ. Similarly, the results of EPM-UNet
(IR) and HCB-UNet (IR) are also better than those of UNet (IR), as observed by comparing
Figure 10d, Figure 10e, and Figure 10f with Figure 10a, respectively. According to Figure 10,
the reconstructed CREF of ER-UNet is the closest to the real radar observation. Overall, the
comparison illuminates the effectiveness of both modules proposed in this study.

o (2) Ground. Truth~  (b) ER-UNet(IR) ~ | (c) ER-UNet(VIS)-

;'.-E ? T
(e) HCB-UNet(iR) (f) EPM- UNef(lR)
Fi - -y P

) Y ! ad |
110°E 115°E 120°E 110°E 115°E 110°E 115° I, 120°E

Figure 10. The ablation analysis by case study. (a) The ground truth of CREF; the other subfigures
(b—i) represent the reconstructed CREF from different models.
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5. Discussion

The experimental results show that all deep-learning-based methods can reconstruct
radar reflectivity from satellite observations, indicating the feasibility of deep learning
models. This is mainly because satellite observations and radar observations are not iso-
lated but exhibit a nonlinear relationship. Generally, as the radar reflectivity increases, the
atmospheric development strengthens and the cloud top elevates, while the brightness
temperature observed by satellite infrared decreases. Simultaneously, considering the
differences in the detection principles of the two methods, this study utilizes multi-band
inputs (see Table 1) to represent cloud and water vapor features, which can reflect the
state of atmospheric development and provide the model with more information, thereby
facilitating a comprehensive exploration of the nonlinear relationship between them. Fur-
thermore, in adjacent areas of satellite cloud imagery, there is a related distribution. For
example, low brightness temperatures in satellite imagery are accompanied by moderate
values in the surrounding areas. The convolution operation can extract spatial information
within the neighborhood, adding the spatial characteristics for model reconstruction. This
allows the model to nonlinearly fit two types of observed numerical values in space rather
than in a point-to-point manner.

However, there are also some issues with the accuracy, mainly evident in the weak
intensity and blurred texture details of the reconstructed CREF. From a modeling perspec-
tive, this is largely due to the fixed convolution kernels used in each layer of UNet, making
it difficult to effectively extract features of cloud clusters of different sizes from satellite
observations. This results in the loss of certain information. Furthermore, UNet uses
multiple downsampling layers to extract global features, which also leads to information
loss. As a result, UNet’s captured features are insufficient, leading to deficiencies in the
intensity and shape of the inverted CREF.

The main goal of ER-UNet is to improve the accuracy of CREF reconstruction for
practical applications. ER-UNet achieved superior results, as indicated by its scores for
metrics such as POD, FAR, CSI, HSS, RMSE, MAE, and SSIM. In addition, case studies
show that ER-UNet'’s reconstruction of CREF exhibits better detailed texture and intensity
results compared to UNet, despite some discrepancies with real radar observations. This
improvement is mainly attributed to HCB and EPM. HCB provides scale information for
cloud clusters, while EPM addresses the issue of information loss from downsampling
using wavelet transformations, allowing more feature information to flow through the
network, thus enhancing the model’s reconstruction capability.

Additionally, using VIS and NIR instead of IR may lead to more accurate reconstruction
results, possibly due to their higher resolution and capacity to contain optical thickness
information about the cloud. This information can better reflect the evolution of the cloud
and the convective system.

6. Conclusions

This study presents a deep learning model that reconstructs radar CREF. In this study,
FY-4A satellite observations were used as input to reconstruct radar CREF over eastern
China. Two models, UNet and ER-UNet, were constructed to rebuild radar CREF. The
impact of various input data on the models was examined with a range of statistical metrics
and three cases of heavy precipitation storms. The results show that the ER-UNet is superior
to the UNet in terms of echo intensity, location, and detail. This is due in part to UNet’s
structure, which affects reconstruction accuracy. The ER-UNet, can effectively enhance
reconstruction skills, making it more practicable and generalizable. Furthermore, using
VIS and NIR bands can reconstruct better radar CREF than using IR bands. Additional
experiments were conducted to confirm the effectiveness of the improved module ER-UNet
over northeastern Inner Mongolia. In practical applications, ER-UNet (VIS) can be used for
CREF reconstruction during the daytime and ER-UNet (IR) can be used for radar CREF
reconstruction during the nighttime.
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In the future, more efforts are needed to optimize the model structure and incorporate
additional GEO meteorological satellite data for radar CREF reconstruction. a more detailed
analysis of the reconstruction effect of the model should be conducted, and the impacts
of different precipitation types should be discussed. Then, it is expected to create a global
reflectivity product that combines various geostationary meteorological satellite data and
provides valuable reference information for global disaster monitoring.
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