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Abstract: Employing different bands of radar to detect precipitation information in identical regions
enables the acquisition of a more comprehensive precipitation cloud structure, thereby refining the
continuity and completeness of precipitation measurements. This study first compared the coincident
data from CloudSat W-band cloud profiling radar (CPR) and Global Precipitation Measurement
Mission (GPM) Ka-band precipitation radar (KaPR) from 2014 to 2017, and then a synthesis of the
radar reflectivity from CPR and KaPR was attempted to obtain a complete cloud and precipitation
structure. The findings of the reflectivity comparisons indicated that the echo-top height identified by
CPR is on average 3.6 to 4.2 km higher than that from KaPR, due to the higher sensitivity. Because of
strong attenuation of CPR by liquid-phase particles, the reflectivity below the height of the melting
layer usually shows an opposite gradient to KaPR with decreasing altitude. The difference in the
near-surface rain rates of CPR and KaPR was found to be related to reflectivity gradients in the vertical
direction, and the larger the reflectivity gradients, the greater the differences in near-surface rain rates.
For better representing the complete vertical structure of precipitation clouds and improving the
consistency of the reflectivity and precipitation rate, the radar reflectivity was weighted, synthesized
from CPR and KaPR based on the gradient difference of the reflectivity from the two radars. We
presented the synthesis results for a stratiform cloud and a deep convective case, and Spearman’s
rank correlation coefficient (rs) between the GPM combined radiometer precipitation rate and the
radar reflectivity was utilized to analyze the performance of the synthesis. The consistency between
synthesized reflectivity and precipitation rate in the non-liquid phase was improved compared with
KaPR, and the rs of the ice and mixed phases was increased by about 12% and 10%, respectively.

Keywords: CloudSat cloud profiling radar (CPR); Global Precipitation Measurement Mission (GPM)
Ka-band precipitation radar (KaPR); precipitation data; comparison; synthesis

1. Introduction

An accurate characterization of global precipitation is indispensable for improving
global climate and weather forecasting models, as well as for evaluating the global energy
budget and water resources [1]. Clouds play an important role in the hydrological cycle,
redistributing water and generating precipitation on a global scale. To thoroughly com-
prehend the significance of clouds and precipitation, and to enhance their performance in
numerical models, it is crucial to obtain global-scale measurements of these phenomena
and conduct detailed investigations into their formation, development, and dissipation
processes across all scales [2]. Microwave sensors outperform infrared and visible-light
sensors in precipitation retrieval, since they exhibit higher sensitivity to rain and ice parti-
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cles [3]. Moreover, active microwave cloud and precipitation radars have the advantages of
strong penetration and high accuracy of precipitation estimation [4].

The CloudSat satellite equipped with a W-band cloud profiling radar (CPR) can
quantitatively measure the vertical structure of clouds and precipitation [5]. The Global Pre-
cipitation Measurement Mission (GPM) core satellite carries a dual-frequency precipitation
radar (DPR) operating in the Ku band and Ka band [6]. DPR can provide measurements of
the 3D precipitation structure on a global scale. Owing to differences in orbital inclinations,
the CloudSat satellite and the GPM satellite occasionally intersect, thereby affording an
opportunity for multi-frequency precipitation measurement.

Conducting a comparative study on precipitation measurement using radar systems
operating at different bands is of paramount importance in order to harness and integrate
the unique strengths of each band. In conjunction with the CloudSat CPR, Berg et al. (2010)
utilized the Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR) to assess
rainfall distribution and intensity in tropical and subtropical oceans [7]. Their results indi-
cated that CPR detected rainfall occurrences nearly 2.5 times more frequently than TRMM
PR. Tang et al. (2017) conducted a global-scale evaluation by matching TRMM PR, GPM
dual-frequency precipitation radar (DPR), and CloudSat CPR data [8]. Sindhu et al. (2017)
compared the reflectivity derived from CloudSat CPR and TRMM PR by analyzing their
coincident events [9]. The results demonstrated that the reflectivity from CloudSat CPR was
approximately 10 dBZ lower than that of TRMM PR below a height of 4 km. Fall et al. (2013)
analyzed the vertical structure of storms utilizing data from CloudSat CPR, TRMM PR,
and ground-based radar [10]. They further conducted multi-frequency measurements
of microphysical quantities within different regions of the melting layer and carried out
comparisons among them. This study revealed the characteristics of the bright band in
cold-season precipitation and its impact on radar-based quantitative precipitation estima-
tion. CloudSat CPR exhibited excellent sensitivity in detecting snow, whereas GPM KaPR,
as a supplemental payload designed to compensate for the limitations of the Ku band in de-
tecting snow, ice, and light rain, also demonstrated robust snow detection capabilities. The
ability of DPR to identify snowfall was evaluated by utilizing a dataset with observation
intervals of less than 5 min between DPR and CPR [11]. Mroz et al. (2021) compared surface
snowfall rates estimated by GPM DPR and CloudSat CPR with estimates derived from
multi-radar and multi-sensor composite products covering the continental United States
from November 2014 to September 2020 [12]. Skofronick-Jackson et al. (2019) compared
three years of CPR and DPR snowfall data, taking into account differences in hardware,
inversion algorithms, and radar bands. It was found that the global average near-surface
snowfall accumulation in DPR was about 43% lower than that in CPR [13].

The Ka- and W-band spaceborne radars possess different advantages in the measure-
ment of precipitation structures. The higher frequency of the W-band radar enables it to
achieve superior spatial resolution and sensitivity, capturing detailed cloud structure and
light precipitation. Conversely, the relatively lower frequency of the Ka-band radar allows
for partial penetration of clouds and precipitation, facilitating the accurate measurement of
light-to-heavy precipitation. The integration of these two radar bands yields complemen-
tary information, fostering a more comprehensive understanding of precipitation cloud
characteristics. Notably, NASA’s Aerosol/Cloud/Ecosystems (ACE) mission incorporates
dual-band and dual-polarization modes in the W and Ka bands to enhance the functionality
and performance of cloud radar [14,15]. Currently, China has successfully launched its
first spaceborne precipitation radar, and the National Satellite Meteorological Center is
planning the deployment of a cloud measurement satellite. The primary payload under
consideration for this initiative is a W- and Ka-band measurement radar [16].

In this paper, we compare and synthesize precipitation data obtained by CPR-KaPR
coincidence datasets. To begin with, we match the precipitation observations from both
radars in terms of space and time. Next, we compare the differences in precipitation
measurement between the two radar systems, including radar reflectivity, as well as the
spatial distribution and intensity of the near-surface precipitation rate with different phases.
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Finally, we synthesize the radar data from the two bands to obtain a more complete and
comprehensive vertical structure of precipitation.

2. Data and Matching Methods
2.1. CloudSat CPR Data

The CloudSat satellite carries the most widely used spaceborne cloud radar, known as
millimeter-wave cloud profiling radar (CPR). CPR is a W-band radar that is pointed toward
the nadir and has a minimum detectable signal of approximately −29 dBZ. The radar
footprint size is 1.7 km along-track and 1.4 km cross-track, while the vertical resolution is
about 500 m [17,18].

In this study, we utilize radar bin data with a cloud mask value of 40, indicating a
high confidence level in cloud identification [19,20]. The retrieval process for near-surface
precipitation rates accounts for factors such as radar beam attenuation, multiple scattering
effects, and precipitation identification in the ground clutter region (the five lowest radar
bins above the surface, approximately 1.2 km) [21]. Retrieval of near-surface precipitation
rates relies on radar reflectivity and the estimated value of path-integrated attenuation
(PIA), which are determined based on surface reflectance characteristics. However, due to
the complex nature of land surface reflectance compared to that of the ocean, retrieval of
precipitation data over land surfaces is not feasible [22].

For snowfall products, the backscattering characteristics of snow particles are calcu-
lated using a combination of the original model for small particles and an aggregation
model for large particles [23]. Assuming an exponential particle size distribution for snow,
the slope and intercept parameters of the particle size distribution are obtained through the
application of the optimal estimation method [24]. This optimization method minimizes
a cost function that represents the weighted sum of differences between simulated and
observed radar reflectance, as well as the disparities between prior and estimated micro-
physical properties of snow. Ultimately, the retrieved particle size distribution parameter
curve allows for the derivation of snowfall estimates.

For this research, we used a variety of parameters, such as the radar reflectivity factor,
cloud scene, near-surface rain rate, snowfall rate, and others. These parameters were
derived from the 2B-GEOPROF, 2C-PRECIP-COLUMN, and 2C-SNOW-PROFILE products.
These products were specifically extracted from the CloudSat Version 5 data release by the
CloudSat data team in 2019.

2.2. GPM KaPR Data

The GPM is a new generation of precipitation observation program following the
TRMM. Its core satellite carries two instruments for measuring precipitation: the GPM
Microwave Imager (GMI), and the DPR. One goal of the DPR is to measure light-to-
heavy precipitation using Ka-band (35.5 GHz) radar (KaPR) and Ku-band (13.6 GHz)
radar (KuPR) [25]. This study uses KaPR HS-mode data because the Ka-band HS mode
is more sensitive than that of the Ku-band. In addition to detecting more occurrences
of light precipitation, it can also detect more clouds. The scanning angle range of the
KaPR antenna is ±8.5◦, the vertical resolution is 500 m for KaHS, the scanning width
is 120 m, and the spatial resolution is 5 km. The minimum detectable reflectivity of KaPR is
10.40 dBZ, corresponding to the minimum detectable precipitation rate of 0.16 mm/h [26].
The technical indicators of KaPR and CPR are shown in Table 1.

The Ka-band data used in this paper were the standard 2A-DPR High-Sensitivity Mode
(HS) product of GPM DPR L2 version 7, which were obtained by attenuation correction
and non-uniform filling correction based on level L1 base data [26].
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Table 1. Brief description of CPR and KaPR.

Instrument CloudSat CPR GPM KaPR

Launch time 18 April 2006 27 February 2014
Inclination angle (◦) 98.23 65

Altitude (km) 705 407
Frequency (GHz) 94 35

Vertical resolution (m) 500 500 (KaHS)
Along-track resolution (km) 1.7 5
Cross-track resolution (km) 1.4 5

Minimum detectable Ze (dBZ) −29 10.40 (KaHS)

2.3. Data Matching and Coincidence Data Processing

Before comparing the datasets generated by the two radar systems, a requirement
lies in the alignment and time synchronization of their measurements. Within this context,
the term “coincident event” assumes paramount importance, signifying a conjunctive
occurrence of radar pixels. The critical criterion for a coincident event hinges upon time
and location, stipulating that the coincidence between the footprints of the two radar
systems must be within 15 min. To initiate this process, it is imperative to query the
KaPR data associated with the footprint, within the specified 15-min window, predicated
upon the transit time of the CPR. In instances where the trajectories of the footprint
indeed coincide, recourse should be made to the nearest-neighbor methodology [27]. This
approach facilitates the judicious amalgamation of the two radar datasets, thereby yielding
the coveted CPR-KaPR coincidence data. The time difference threshold of 15 min has very
little impact on the accuracy of the statistical results [28]. We chose 15 min by considering
the trade-off between the number of samples and the time difference and statistical accuracy.

Following the spatiotemporal matching methodology delineated earlier, it can be
discerned that, due to the superior footprint resolution exhibited by the CPR as compared
to the KaPR, multiple observations of the footprint by the CPR are found to correspond
to a single footprint observation by KaPR, as visually illustrated in Figure 1a. To rectify
this disparity and establish a one-to-one correspondence between the CPR and KaPR pixel
values, a resampling procedure was executed along the trajectory of the CPR orbit. Under
the assumption of a uniform distribution of cloud features along the direction of the CPR
orbit, the pixel values of the CPR data were spatially averaged within each corresponding
KaPR pixel. In this manner, the mean values encompassing C2 to C4 correspond to C1′,
while the mean values spanning C5 to C8 correspond to C2′. For the value of KaPR
footprints, Kn = Kn′. KaPR footprints designated with primed symbols in Figure 1b serve
the purpose of distinguishing data before and after the resampling process. The post-
resampling dataset maintains parity with the KaPR dataset in terms of volume, and it is
visually depicted in Figure 1b.

Following the rigorous data resampling process, a substantial dataset comprising a
total of 310,095 sets of CloudSat CPR and GPM KaPR coincident events was successfully
collated, spanning from March 2014 to December 2017. Within this illustrative represen-
tation, the dots serve to delineate the trajectory of the coincident orbit, with the depth
of color encoding the corresponding coincident frequency, as shown in Figure 2. It is
imperative to underscore that, owing to the disparate inclination angles governing the
orbits of the two satellites, a notable variation in coincident frequency can be discerned
across distinct latitudinal bands. Notably, within the geographical expanses spanning
55 to 67 degrees (north and south latitudes), the coincident frequency registers a notewor-
thy augmentation, ranging from 50% to an impressive 800% higher than observed at other
latitudinal coordinates.
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Figure 2. Footprints of CPR and KaPR coincident events between March 2014 and December 2017.

3. Results
3.1. Comparison of Reflectivity

Radar systems operating in distinct bands exhibit differences in their precipitation mea-
surements. These disparities arise from the frequency-dependent nature of precipitation’s
microphysical characteristics, leading to differential scattering or absorption responses
among radars operating in dissimilar frequency ranges. Through a comparative analy-
sis of radar reflectivity across various frequency bands, it becomes possible to discern
and investigate the sensitivity differentials exhibited by radars in response to different
precipitation types.

In this study, the classification of precipitation phases within the study area relied upon
the near-surface precipitation phase parameters from the KaPR. Specifically, footprints
wherein both the CPR and the KaPR detected liquid-phase precipitation were designated as
“rainfall footprints”. Conversely, those footprints characterized by solid-phase precipitation
were categorized as “snowfall footprints”. When KaPR could not identify near-surface
precipitation due to sensitivity reasons, we chose to trust CPR’s precipitation phase iden-
tification. After identification, a total of 12,126 rainfall footprints and 14,737 snowfall
footprints were selected. Given the greater precision of KaPR in discerning the bright band
phenomenon, the classification of rain types within the rainfall footprints primarily hinges
on the near-surface rain type parameters obtained from KaPR. Footprints identified by
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KaPR as indicative of convective rainfall were designated as “convective rainfall footprints”.
Subsequently, those footprints identified by KaPR as representing stratiform rainfall were
categorized as “stratiform rainfall footprints”. This classification process yielded a final
count of 4670 convective rainfall footprints and 7456 stratiform rainfall footprints.

Figure 3 presents a two-dimensional probability distribution diagram illustrating
the radar reflectivity–height relationship for convection, stratiform rainfall, and snowfall
during intersecting events observed by the CPR and the KaPR. Figure 3a–c depict the
radar reflectivity–height profiles for CPR convection, stratiform rainfall, and snowfall,
respectively. Subsequently, Figure 3d–f display the two-dimensional probability distri-
bution images of radar reflectivity–height for KaPR convection, stratiform rainfall, and
snowfall, respectively. In these representations, the abscissa denotes the radar reflectivity,
the ordinate signifies the altitude, and the color mapping indicates the probability of ob-
serving a particular radar reflectivity at a given altitude in different precipitation types.
The figure reveals distinctive patterns among the precipitation types. In convective rainfall,
most CPR reflectivity between altitudes of 1.5 and 5 km exhibits a decreasing trend as
altitude decreases, reflecting the presence of larger liquid particles with more pronounced
attenuation of W-band radar waves. Conversely, most KaPR reflectivity gradually increases
with decreasing altitudes during convective rainfall. For stratiform rainfall, both CPR and
KaPR reflectivity between altitudes of 1 and 4 km remains relatively stable. CPR reflectivity
primarily falls within the range of 7–12 dBZ, while KaPR reflectivity is predominantly dis-
tributed between 16–21 dBZ. This phenomenon arises from the stable intensity of stratiform
rainfall and the larger size of liquid particles compared to convective rainfall.
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Furthermore, the figure highlights variations in the two-dimensional probability
distribution images between snowfall and rainfall, with CPR exhibiting more pronounced
characteristics compared to KaPR. This divergence can be attributed to the higher frequency
of the W band, which results in greater scattering efficiency in smaller water droplets
and ice crystals. Such small particles are prevalent during snowfall, contributing to the
broader radar reflectivity–height distribution exhibited by CPR during snowfall events.
Consequently, W-band radar can offer more detailed structural information regarding
snowfall events.

Regarding echo height, the average echo-top heights observed in convective rainfall,
stratiform rainfall, and snowfall were as follows: for the CPR, they measured 7.56 km,
8.16 km, and 6.70 km, respectively, whereas for the KaPR, the average echo-top heights
were 3.92 km, 4.11 km, and 3.08 km, respectively. Notably, the average echo-top heights
detected by CPR exceeded those detected by KaPR, by approximately 3.6 to 4.2 km on
average. This discrepancy arises due to CPR’s superior resolution, which enables it to
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detect smaller cloud particles and provides a more comprehensive vertical profile of cloud
particle information.

Figure 4 displays the average radar reflectivity profiles for convective rainfall, strati-
form rainfall, and snowfall during the coincident event. The horizontal error bars in the
figure are one standard deviation of the average radar reflectivity at each corresponding
altitude. The observations reveal distinct performance in different regions:

1. In the lower region, below 1 km altitude, within convective rainfall, both CPR and
KaPR exhibit a gradual increase in average reflectivity with decreasing altitude. This
phenomenon arises due to the relatively lower attenuation of W-band radar waves in
this region compared to the increase in the detection values.

2. In the altitude range of 1.5 to 5 km, the reflectivity for most CPR observations within
convective rainfall exhibits variations with altitude, while KaPR observations show
the opposite trend. This difference can be attributed to the substantial attenuation of
W-band radar waves, which is more pronounced than the corresponding increase in
detection values in this altitude range.

3. Within stratiform rainfall, the CPR average reflectivity initially increases and then
decreases as the altitude rises between 1 and 3 km. In contrast, the KaPR reflectivity
gradually decreases with increasing altitude in the same altitude range. This behavior
can be attributed to the greater attenuation of W-band radar by liquid particles
between 1 and 3 km, resulting in a reduction in the average reflectivity. While Ka-
band electromagnetic waves also experience attenuation, their average attenuation is
less pronounced than the corresponding increase in reflectivity. Hence, the average
profile value for CPR gradually decreases with decreasing altitude, whereas the
average profile value for KaPR increases with decreasing altitude.

4. In the case of snowfall, the average reflectivity profile of the CPR exhibits more pro-
nounced variations with height compared to that of the KaPR, with a notable peak
occurring near the altitude of 10 km. This divergence can be attributed to the height-
ened sensitivity of the W band, which enables the CPR to detect more detailed snow
features that fall below the detection threshold of the KaPR. Consequently, the CPR
reveals more gradients in reflectivity, offering a more comprehensive characterization
of snowfall particle features.
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From Figures 3 and 4, we contend that the reflectivity measurements by cloud and
precipitation radars operating in different bands can effectively complement one another.
The W-band radar, with its higher spatial resolution and sensitivity, can provide light
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precipitation and cloud structure details, whereas the Ka-band radar excels in its ability to
mitigate signal attenuation, allowing it to penetrate thick cloud cover and measure light-to-
high precipitation. By comparing the radar reflectivity from the two bands, we found that
the joint measurements are complementary and can expand the vertical structure range
of precipitation clouds. Considering the continuity of precipitation, future advancements
in precipitation algorithms could benefit from incorporating additional upper-level cloud
information as constraints in the precipitation estimation process.

3.2. Comparison of Near-Surface Precipitation

In addition to assessing the vertical structure measurement of the two radars, it is es-
sential to conduct a global-scale comparison of the near-surface precipitation data retrieved
by them. This comprehensive evaluation will provide insights into their capabilities for
assessing and monitoring precipitation across various regions and varying intensity levels.

3.2.1. Comparison of Rain Rates

In the comparison of near-surface rain rates, it is crucial to consider that the retrieval
process for near-surface precipitation using the CPR takes into account factors such as
attenuation and multiple scattering effects of radar beams, as well as the identification
of precipitation in areas with ground clutter. This retrieval process involves utilizing
data related to near-surface radar reflectivity and surface reflection characteristics. Path-
integrated attenuation estimates are then employed to retrieve near-surface rain rates. Due
to the inherent complexity of land surface albedo in contrast to the ocean, it is not feasible
to retrieve precipitation data over land surfaces. Consequently, our comparison is limited
to the assessment of ocean surface rainfall data retrieved by both radar systems.

For statistical purposes in the coincident event, all footprints reporting rain were
selected, as it is important to note that the CPR can detect rainfall of lower intensity
compared to the KaPR. Consequently, there may be instances where the CPR detects
rainfall while the KaPR does not, resulting in cases where the CPR has a non-zero retrieval
value while the KaPR records a value of 0 for near-surface rain rate.

To assess the performance of the two radars in rainfall estimation across diverse
global regions, Figure 5 presents the average near-surface rain rate distribution based
on coincident events observed by the two satellite-borne radars. The resolution for this
analysis is 5 degrees * 5 degrees. Specifically, Figure 5a,b illustrate the average near-surface
rain rate distributions for CPR and KaPR, respectively. Figure 5c depicts the distribution
of the average near-surface rain rate differences between the two radars. The boxplot of
the average near-surface rain rate between the two radars, with 40 degrees latitude as the
boundary, is shown in Figure 5d.

The findings reveal that, within the latitudinal range of 40 degrees north and south,
the average near-surface rainfall retrieved by KaPR is 0.4 mm/h greater than that retrieved
by CPR. Conversely, above 40 degrees north and south, the average value retrieved by CPR
surpasses KaPR by 0.1 mm/h. This variation suggests that, at low latitudes, the impact of
heavy rainfall is more pronounced, leading to greater attenuation of CPR’s electromagnetic
waves. Consequently, CPR may struggle to accurately estimate rainfall exceeding its upper
threshold, resulting in a lower average rainfall retrieval compared to KaPR. In addition
to the fact that the probability of heavy precipitation events at high latitudes is smaller
than that at low latitudes, as the latitude increases, the sampling frequency gradually
increases, and the proportion of cases where there is a large difference in the retrieval
values between the two also decreases. At high latitudes, there is a prevalence of medium-
and small-intensity rainfall events compared to mid-latitudes. CPR’s heightened sensitivity
allows it to detect 15% more rainfall than KaPR in such conditions.
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After comparing the rainfall detection capabilities of the two radars across different
regions, we proceeded to evaluate their performance in near-surface rainfall of varying
intensities. We selected footprints with rainfall retrieval values from both radar systems for
this comparison. Figure 6a presents a scatter probability distribution of the near-surface
rainfall rates observed by the CPR and the KaPR during coincident events. The majority of
the rainfall events detected by both radar systems fall within the range of 0.2 to 1 mm/h.
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To quantify the agreement between the two radar systems in terms of near-surface
rain rate, we calculated the correlation coefficient (CC) and the root-mean-square error
(RMSE) for the inversion results. The overall correlation coefficient for the near-surface rain
rate retrieved by both radars was 0.4, while the root-mean-square error was 2.18 mm/h.
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These metrics suggest a moderate level of correlation and an average level of agreement
between the near-surface rain rate estimates obtained from the two radar systems.

To analyze the differences in the near-surface rain rate values simultaneously retrieved
by both radars, we categorized these differences based on whether the precipitation was
convective or stratiform. Subsequently, we compiled and tabulated the frequency distribu-
tion of the differences between the near-surface rain rates derived from the CPR and the
KaPR, as illustrated in Figure 6b.

Figure 6b reveals that the differences in near-surface rainfall between the CPR and
KaPR follow a Gaussian distribution. Specifically, during convective rainfall events, the
KaPR tends to produce higher values compared to the CPR. In contrast, during stratiform
rainfall events, the differences between the two radar systems follow a standard normal
distribution with a mean of zero.

We attribute these findings to the characteristics of convective and stratiform pre-
cipitation. In convective rainfall, precipitation cloud clusters are typically thicker, and
near-surface precipitation particles tend to be larger. The CPR near-surface rain rate al-
gorithm may underestimate the attenuation of W-band radar waves in such conditions,
resulting in lower average near-surface rain rate estimates compared to KaPR.

On the other hand, stratiform rainfall tends to be more stable. In these conditions,
the attenuation of W-band radar waves is less pronounced compared to convective rain-
fall. While W-band electromagnetic waves do experience substantial attenuation in cases
of heavy stratiform rainfall, they may provide more accurate estimates of near-surface
rain rates during periods of lower-intensity precipitation. Hence, for stratiform rainfall,
differences between the two radars tend to conform to a standard normal distribution.

Numerous factors contribute to the disparities in near-surface rain rate retrieval be-
tween the CPR and the KaPR. These encompass distinct retrieval algorithms employed
by the radars, as well as the influence of radar electromagnetic wave refraction and multi-
ple scattering phenomena during the detection process. CPR and DPR employ different
microphysical assumptions and retrieval algorithms, which is also an important factor influ-
encing differences in rain rate. Based on the comparison of reflectivity and near-surface rain
rate between the two radars, due to the attenuation of CPR, the difference in near-surface
rain rate may also be related to the change in reflectivity in the vertical direction.

To illustrate the relationship between the change in reflectivity in the vertical direction
and near-surface rainfall, we introduced a parameter linked to the gradient of the radar
reflectivity. When the radar reflectivity within this frequency increases with decreasing
altitude, a value of 1 is assigned to the bin, while a value of −1 is assigned when the
reflectivity decreases with altitude. This procedure enables the derivation of the radar
reflectivity gradient profile specific to the precipitation cloud within this frequency. The
gradient profile difference across the entire precipitation cloud was computed by subtract-
ing the radar reflectivity gradient profiles of KaPR and CPR. Figure 7a provides a schematic
diagram depicting this process.
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When the radar reflectivity of both radars exhibits the same trend as altitude decreases,
the resulting profile difference is 0. However, during heavy rainfall, the KaPR reflectivity
gradually increases with decreasing altitude, while the CPR reflectivity undergoes atten-
uation due to raindrop particles, leading to a gradual decrease with decreasing altitude.
Consequently, the profile difference reaches a value of 2. We proceeded to tally the num-
ber of data bins where the difference between the radar reflectivity gradient profiles of
precipitation clouds derived from KaPR and CPR equaled “2”. This count is presented in
Figure 7b, in the form of a boxplot, alongside the near-surface rain rate difference.

The boxplot reveals that when the amount of bins exhibiting a difference of “2”
surpasses or equals six within the column, the average near-surface rain rate retrieved by
CPR is smaller than that obtained by KaPR. When the count of bins with a profile difference
equal to “2” reaches or exceeds 10, CPR consistently yields smaller average near-surface
rain rates compared to KaPR. Additionally, the average near-surface rain rate difference
varies commensurately with the count of bins exhibiting a profile difference of “2”. These
findings underscore that, at a certain level of rainfall rate, the attenuation of W-band radar
waves cannot be accurately estimated, resulting in the underestimation of the near-surface
rain rate by CPR.

3.2.2. Comparison of Snowfall Rates

Snowfall is the meteorological phenomenon characterized by the descent of ice crystals
from the atmosphere to the Earth’s surface, forming snow. This process signifies the atmo-
spheric transfer of water to the surface, constituting an integral component of the natural
water cycle [29]. In the context of precipitation comparisons, it is important to conduct a
global-scale evaluation of near-surface snow rates retrieved by the two radar systems.

The average distribution of near-surface snow rates retrieved by the CPR and the KaPR
is illustrated in Figure 8a,b, respectively. Meanwhile, Figure 8c displays the distribution of
the average near-surface snow rate difference between the two radar systems. The boxplot
of the average near-surface snow rate between the two radars, with 50 degrees latitude as
the boundary, is shown in Figure 8d. It is noteworthy that the CPR snow rate algorithm
truncates the reflectivity profile at an altitude of approximately 1 km to mitigate the impact
of ground clutter [30]. Consequently, in regions characterized by terrain-related factors
between 30 and 50 degrees (north and south latitudes), CPR’s inversion values tend to be
lower than those of KaPR. Figure 8c illustrates this phenomenon, with specific regions such
as the Tibetan Plateau in mainland China, the Rocky Mountains in the Western United
States, and the Cordillera Mountains in South America exhibiting lower near-surface snow
rate inversion values for CPR compared to KaPR. However, CPR’s heightened sensitivity
enables it to detect a greater number of snowfall events than KaPR in areas with latitudes
exceeding 50 degrees, accounting for 86% of the total snowfall events.

The discrepancy in radar wave frequencies results in a deviation of several hundred
meters in the selected sampling heights for the two near-surface snow rate algorithms near
the ground. Therefore, KaPR tends to yield higher snow rates, attributed to terrain-related
factors, compared to CPR. Nevertheless, CPR’s advantage in terms of high sensitivity
allows it to detect more snowfall events in high-latitude regions than KaPR.

Apart from terrain-related factors, as shown in Figure 8d, the average near-surface
snow rate retrieved by KaPR in areas below 50 degrees (north and south latitudes) exceeds
that of CPR by 0.2 mm/h. Conversely, in regions above 50 degrees (north and south
latitudes), the average near-surface snow rate retrieved by CPR surpasses that of KaPR by
0.1 mm/h. This discrepancy arises because CPR detects 45% more light snow events (with
intensities in the order of 0.01 mm/h) than KaPR in regions above 50 degrees (north and
south latitudes).
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4. Precipitation Synthesis from CPR and KaPR

The comparative analysis of near-surface precipitation between the two radar systems
reveals that CPR excels in detecting weaker precipitation compared to KaPR. For heavier pre-
cipitation, the W-band radar waves experience attenuation, leading to an underestimation of
precipitation by CPR. The KaPR has the advantage in detecting light-to-heavy precipitation.

Combining the near-surface precipitation data retrieved by both radar systems in-
volves considering instances where one or both radars retrieve near-surface precipitation.
In cases where both radars detect near-surface precipitation simultaneously, the maximum
value is selected for inclusion in the statistics, resulting in a maximum near-surface rain
rate dataset. The frequency distribution statistics of near-surface precipitation rates in
coincident events for both radar systems are presented in Figure 9.
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In Figure 9, the x-axis indicates the precipitation rate, while the y-axis indicates the
occurrence frequency. The blue and orange lines indicate the frequency of precipitation at
different intensities detected by CPR and KaPR, respectively. The black lines indicate the
near-surface precipitation rates obtained from the maximum combination of the two radar
datasets. The observed trends in Figure 9 are as follows:

1. In the precipitation rate range of 0.01–0.2 mm/h, KaPR, due to its sensitivity limita-
tions, is unable to detect precipitation within this range.

2. In the rate range of 0.2–8 mm/h, as precipitation rate increases, the near-surface
rain rate retrieved by the CPR gradually underestimates, leading to a decrease in
the proportion of CPR-detected precipitation and an increase in the proportion of
KaPR-detected precipitation.

3. When the precipitation rate exceeds 7 mm/h, the values retrieved by CPR are smaller
than those retrieved by KaPR.

This analysis demonstrates that the combined detection of near-surface precipitation
by both radar systems allows for a more complete detection of precipitation, with rates
ranging from 0.01 to 40 mm/h or higher levels.

In addition to the synthesis of near-surface precipitation, we also synthesized reflectiv-
ity cross-sections to better represent the vertical structures of precipitation clouds. Based
on the previous analysis of the comparison of reflectivity, near-surface precipitation, and
the reflectivity gradient, we adopted a weighted synthesis method associated with the
reflectivity gradient difference to synthesize the reflectivity in the vertical cross-sections.
Figure 10 illustrates the flowchart of synthesizing radar reflectivity from both radars. The
following steps outline this synthesis procedure: Firstly, import both radar datasets and
subject them to quality control measures. Secondly, calculate the vertical gradient of the
radar reflectivity for each footprint. In this calculation, assign a value of 1 to the bin gradient
where the radar reflectivity increases with decreasing altitude. Conversely, assign a value of
−1 to the radar bin gradient where the radar reflectivity decreases with decreasing altitude.
Thirdly, subtract the gradient value of the W band from the gradient value of the Ka band to
derive the gradient difference for each bin. Since the reflectivity of the two radars changes
differently as the altitude decreases, the value of the gradient difference of each bin may be
any integer between the values of −2 and 2. When bins with a gradient difference equal to
2 appear continuously within a footprint, it means the occurrence of precipitation above
the CPR measurement threshold. We assigned a synthetic weight factor “k” to each bin
based on the total number of gradient differences equal to 2 in the vertical direction of the
footprints. It can be seen from Figure 7b that when the total number of bins with a gradient
difference equal to 2 in the footprints reaches 10, the precipitation rates estimated by CPR
are smaller than those estimated by KaPR. When bins with a gradient difference equal to 2
appear continuously, the “k” of the top bin is assigned a value of 0.9. Then, “k” decreases
in height by 0.1 with each successive bin featuring a gradient difference equal to 2, until
reaching a value of 0. Finally, the composite reflectivity is obtained from both frequencies
with a weighted average method incorporating the gradient information.

Due to scattering differences caused by different bands, the synthesis process involves
simulating the scattering of electromagnetic waves in both the W and Ka bands when
interacting with solid, mixed, and liquid particles. This step refers to the simulation
method in Kou’s [31] work, but the types of particles are not divided in detail in this
synthesis. We simply classified particles into ice, mixed, and liquid. The “Ice” bins were
referenced to cloud ice for scattering simulation, the “mix” bins were referenced to wet
snow for scattering simulation, and the “liquid” bins were referenced to raindrop particles
for scattering simulation. This simulation helped establish the conversion relationship
of radar reflectivity between the W and Ka bands. Subsequently, based on the phase
parameters provided by KaPR, the reflectivity factor ZeW in the W band was converted to
the Ka-band radar reflectivity factor ZeW-Ka.
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The final step in this process is the calculation of the composite reflectivity Zecombine for
each bin, incorporating the composite weight factor k. Specifically, when only a single radar
detects clouds within a bin, the reflectivity factor value of that radar is used. Conversely,
when both radars detect clouds simultaneously, the synthesized reflectivity Zecombine
is employed.

Figure 11 depicts the radar reflectivity cross-sections from a CPR and KaPR coincident
event that occurred on 28 July 2016, over the Baltic Sea. The weather background at
that time was that the atmospheric stratification was stable, the humidity in the lower
atmosphere was high, and the vertical movement of the atmosphere was weak. The figure
includes the original and combined reflectivity cross-sections and their average profiles.
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Figure 11. CPR and KaPR reflectivity and their synthesized cross-sections; average reflectivity of
coincident case 1 ((a): CPR reflectivity cross-section, (b): KaPR reflectivity cross-section, (c): gradient
difference in reflectivity of the two radars, (d): synthesis of two radar reflectivity cross-sections,
(e): average profiles for CPR, KaPR, and synthesized reflectivity).
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The observations from this precipitation case reveal a distinct bright band at an al-
titude of 3 km, indicating stratiform precipitation. The radar reflectivity values for CPR
and KaPR are presented in Figure 11a,b, respectively. The precipitation cloud information
detected by CPR is 48.86% more than that detected by KaPR. Both radars effectively mea-
sure precipitation in the 3–5 km altitude range. However, below 3 km, notable differences
emerge in the reflectivity between the two radars. CPR experiences attenuation due to
raindrop particles, hindering its ability to accurately indicate the location of strong echoes.
Conversely, KaPR provides a clearer depiction of strong echoes below 3 km. The reflectivity
gradient difference diagram in Figure 11c confirms that, below 3 km, the reflectivity of the
two radars exhibits opposite trends as the altitude decreases. Figure 11d,e display the syn-
thesized reflectivity and average profiles from both radars. Combining data from both radar
frequencies allows for a comprehensive representation of the cloud/precipitation structure.
The smaller ice particles at the top of the cloud system exhibit minimal attenuation of
the W band, with the difference between the band conversion and the original reflectivity
staying within 0.5 dB. As the moisture content increases below 5 km, the attenuation of the
W band by precipitation particles gradually intensifies. Consequently, the weight of the
KaPR reflectivity in the synthetic profile also increases gradually, bringing the synthesized
reflectivity closer to the measured value in the Ka band.

Figure 12 illustrates the radar reflectivity cross-sections from a CPR and KaPR co-
incident event that took place on 13 June 2016, along the Gulf Coast of Louisiana, USA.
The precipitation in this case extended up to 15 km in altitude, indicating a convective
precipitation. The radar reflectivity values for CPR and KaPR are displayed in Figure 12a,b,
respectively. CPR detected more precipitation cloud information than KaPR, accounting
for 48.83%. Strong precipitation was observed in the area below 5 km, specifically between
93.5 and 93.6 degrees west. In this region, the CPR electromagnetic waves experience
substantial interference and attenuation. Conversely, KaPR reflectivity provides a more
accurate characterization in this region.
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A yellow area is evident in the W-band reflectivity near the 14 km altitude in Figure 12a.
Above 10 km altitude, there may be a vigorous upward motion, causing the air within the
precipitation system to rise rapidly to around 14 km and then cool rapidly. This process
leads to the continuous condensation and growth of ice particles, resulting in larger ice
crystals. These larger ice crystals generate strong radar wave reflections. A similar feature
can also be observed near 14 km in the average radar reflectivity factor profile in Figure 12e,
culminating in a peak.



Remote Sens. 2024, 16, 745 16 of 20

Figure 12d shows the synthesized reflectivity from case 2, obtained by combining
data from both radars. This synthesis yields a comprehensive representation of the
cloud/precipitation structure, allowing for a more comprehensive assessment of the cloud
characteristics associated with convective precipitation.

Data from the Level 2B GPM Combined Radar–Radiometer Precipitation Algorithm
(2BCMB) were used to verify the synthesized results. The 2BCMB precipitation algorithm
integrates Level 2 calibrated reflectivity profiles from the DPR and Level 1C GMI bright-
ness temperatures. An a priori database of particle size distributions and corresponding
environmental conditions was used to accurately retrieve precipitation data [32].

To demonstrate the performance of the synthesized reflectivity cross-section, we used
the Spearman rank correlation coefficient between the 2BCMB precipitation rate and the
radar reflectivity to analyze the performance of the synthesis. There is a relationship
between the precipitation rate and radar reflectivity, because radar reflectivity is usually
used to describe the intensity of scattering of radar waves by particles in the atmosphere
(such as raindrops, snow, etc.). High radar reflectivity is generally associated with greater
precipitation rates, and the Spearman rank correlation coefficient works for the monotonic
relationship [33].

The Spearman rank correlation coefficient parameters (rs) are defined as follows:

rs = 1 − 6∑n
i=1 d2

i
n(n2 − 1)

where n is the number of bins with radar echo values, while di is the grade difference
between the radar reflectivity and precipitation rate. The statistical quantitative comparison
results are shown in Table 2.

Table 2. The statistical quantitative comparison results for case 1 and case 2.

KaPR Combined

Case 1
Ice phase 0.8035 0.8956

Mixed phase 0.8153 0.8989
Liquid phase 0.9231 0.9028

Case 2
Ice phase 0.6058 0.6750

Mixed phase 0.5863 0.6453
Liquid phase 0.4177 0.5110

From the comparison results of the stratiform and convective cases shown in Figure 13,
we can see that the stratiform case has better consistency. The rs for stratiform rain reached
0.8 for all three kinds of phase particles. Compared to stratiform precipitation, convective
precipitation is usually generated under unstable atmospheric conditions. The rs for
convective rain reached only about 0.4~0.6 for the three kinds of phase particles. From the
comparison of the rs before and after synthesis, as shown in Table 2, whether in stratiform
or convective precipitation, the results of the non-liquid-phase bin are better, and the rs
values of the ice phase and mixed phase are increased by 12% and 10%, respectively. The
DPR data, combined with data from GMI, contribute to more accurate precipitation rate
estimates. With the addition of the W band, the synthesized reflectivity in the non-liquid-
phase bin has a better correlation with the more accurate precipitation rate retrieval in
2BCMB. The addition of W-band radar can play a positive role in the non-liquid-phase
radar bin. The synthesis results are better in the ice-phase bin than in the mixed-phase bin.
There are many types of precipitation particles in the mixed-phase bin, and the estimation
of radar reflectivity is not accurate enough.
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Figure 13. Scatterplots between the 2BCMB precipitation rate and KaPR reflectivity; synthesized
reflectivity in different phases for cases 1 and 2 ((a): ice phase in case 1, (b): mixed phase in case 1,
(c): liquid phase in case 1, (d): ice phase in case 2, (e): mixed phase in case 2, (f): liquid phase in case 2).

5. Discussion

This study compares and synthesizes the precipitation data from the coincidence
of CPR and DPR observations, occurring within a ±15-min window, spanning from
March 2014 to December 2017. The primary objective was to assess the disparities in
radar reflectivity and precipitation rates between W- and Ka-band spaceborne radars, espe-
cially in diverse precipitation phases and varying intensities. Additionally, an attempt was
made to synthesize the precipitation data from both radars to enhance the integrity and
comprehensiveness of the precipitation information. The key findings of this investigation
are as follows:

1. Radar reflectivity comparison: In convective rainfall, the presence of larger liquid
particles leads to pronounced attenuation of W-band radar waves. Below the altitudes
of the melting layer, CPR generally exhibits a decrease in reflectivity with decreasing
altitude, while KaPR reflectivity tends to increase. In stratiform rainfall, where pre-
cipitation remains relatively stable, CPR reflectivity is predominantly found between
7 dBZ and 12 dBZ, whereas KaPR reflectivity is mainly distributed between 16 dBZ
and 21 dBZ. Regarding snowfall, there is a peak around 10 km in the CPR snowfall
average reflectivity profile, indicating that CPR can detect larger ice crystals formed
during snowfall. Due to differences in radar sensitivity, the average echo-top height
detected by CPR is approximately 3.6–4.2 km higher than that detected by KaPR,
enabling CPR to capture more detailed vertical cloud structures.

2. Near-surface precipitation rate comparison: When comparing near-surface rain rates,
the average near-surface rain rate of KaPR on the ocean surface is 0.4 mm/h higher
than that of CPR within the range of 40 degrees north and south. This could be
caused by the presence of large rainfall particles that lead to significant attenuation
of CPR’s electromagnetic waves, limiting its ability to accurately estimate rain rates
beyond its upper threshold. However, at latitudes above 40 degrees, CPR’s heightened
sensitivity allows it to detect approximately 15% more near-surface rainfall events
than KaPR, resulting in an average near-surface rain rate that is 0.1 mm/h greater
than KaPR’s. When comparing snowfall, it is important to note that for snowfall
events influenced by terrain factors between 30 and 50 degrees north and south,
CPR consistently retrieves lower values than KaPR. However, in areas with latitudes
greater than 50 degrees, CPR detected more snowfall events than KaPR, accounting
for 86% of the total snowfall events. In terms of near-surface snow rate comparisons,
KaPR retrieves an average near-surface snow rate 0.2 mm/h higher than CPR’s in
regions below 50 degrees latitude. Conversely, in areas above 50 degrees latitude,
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CPR’s sensitivity leads to the detection of 45% more light snowfall events in the
0.01 mm/h class than KaPR, resulting in an average near-surface snowfall rate that is
0.1 mm/h higher than KaPR’s.

3. Combining the near-surface precipitation rates of both radars allows for a more com-
plete detection of precipitation, with rates ranging from 0.01 to 40 mm/h or higher
levels. By synthesizing reflectivity from the CPR and KaPR, with consideration of their
vertical gradient differences, a comprehensive cloud precipitation profile can be ob-
tained. The precipitation cloud information detected by CPR but not KaPR accounted
for 49% of the total cloud bodies on matching vertical sections. This reflectivity syn-
thesis not only provides a complete view of the vertical structure of precipitation
clouds, but also enables a more continuous reflectivity of precipitation cloud bodies.
The Spearman rank correlation coefficient parameters for stratiform rain reached 0.8
for all three kinds of phase particles, while they only reached about 0.4~0.6 for the
three kinds of phase particles for convective rain. This synthesis method works better
in non-liquid-phase radar bins, whether in stratiform or convective precipitation,
and the rs of the ice phase and mixed phase are increased by about 12% and 10%,
respectively, while the Spearman rank correlation coefficient of the precipitation rate
and radar reflectivity is improved.

6. Conclusions

In this study, we compared the coincident data from CPR and KaPR from 2014 to
2017, and then a synthesis of the radar reflectivity from CPR and KaPR was attempted
to obtain a complete cloud and precipitation structure. After comparing the near-surface
precipitation rates, we found that the difference in near-surface precipitation rates between
CPR and KaPR is related to the reflectivity gradient in the vertical direction. The greater the
reflectivity gradient, the greater the difference in near-surface precipitation rates. Finally,
the radar reflectivity was weighted and synthesized from CPR and KaPR based on the
gradient difference of the reflectivity from the two radars. The results for a stratiform
cloud and a deep convective case show that the synthesis can improve the consistency of
reflectivity and precipitation rate measurements. In the future, the joint measurement of Ka
and W bands holds the potential to establish a correlation between cloud properties and
precipitation. This advancement is expected to deepen our comprehension of the cloud
precipitation process, thereby contributing to an enhanced understanding of the intricacies
involved in cloud-related precipitation phenomena. Additionally, the characteristics of
the upper cloud system reflect the intensity and development trends of the lower-level
rainfall system [34]. The combined use of the W and Ka bands offers a more objective and
rational explanation of the connection between upper-level cloud structure and lower-level
precipitation rates. Our next work will be to retrieve the precipitation rates of particles in
different phases using combined W- and Ka-band radar data.
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