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Abstract. An accurate characterization of cloud vertical motion is essential for understanding cloud microphysical and
dynamical processes. The Cloud Profiling Radar (CPR) onboard the Earth Cloud Aerosol and Radiation Explorer (EarthCARE)
satellite, launched in May 2024, enables the first global measurements of Doppler velocity from space. The nadir-looking CPR
operates in three observation modes—16-km, 18-km, and 20-km modes—each characterized by a distinct pulse repetition
frequency (PRF), which determines the Doppler velocity data quality, the maximum observable altitude, and the likelihood of
spurious high-altitude echoes known as second-trip echo from mirror images and multi-scattering tails. This study
quantitatively evaluates the applicability of these three modes using actual CPR observations, focusing on these three aspects.
The standard deviation (STD) of Doppler velocity, used as an indicator of measurement noise, indicated that the 16-km and
18-km modes provide more accurate Doppler measurements than the 20-km mode, with comparable STD values between the
former two. Clouds above 16 km were primarily observed between 0° and 40° latitude, while clouds exceeding 18 km were
rare, suggesting that the 18-km or 20-km modes are suitable for observation in these regions. The risk of overlap between
genuine cloud echoes and second-trip echoes at high altitudes was highest in the 16-km and 18-km modes but was largely
confined to low-latitude regions (approximately 0°-40°). Accordingly, without considering second-trip echo-related risks, the
16-km mode is preferable at latitudes above 40°, where high clouds are infrequent and Doppler measurement accuracy is
highest. In contrast, the 18-km mode provides an optimal balance between Doppler accuracy and vertical coverage at lower
latitudes. It should be noted, however, that high-PRF modes inherently increase the likelihood of second-trip echo
contamination. These results demonstrate, for the first time using actual EarthCARE observations, the trade-offs among
Doppler measurement accuracy, observation height, and spurious echo contamination across CPR operational modes. Future
work should involve continuous assessments of the balance between Doppler accuracy and second-trip echo contamination to
determine the optimal implementation of each mode as a function of latitude.
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1 Introduction

Cloud and atmospheric vertical motions are closely linked through both microphysical processes and the surrounding
dynamical environment. From a microphysical perspective, variations in cloud particle properties, such as size, density, and
phase (liquid or ice), lead to differences in terminal fall velocities, which in turn influence cloud optical properties and radiative
heating rates (Albrecht, 1989; Mitchell and Heymsfield, 2005). From a dynamical perspective, updrafts enhance condensation
and latent heat release, thereby modulating local atmospheric stability and subsequent cloud development (Betts, 1986; Houze,
1993; Tao et al., 2022). Information on vertical motions is also essential for accurately simulating cloud processes in weather
and climate models, because many numerical models have traditionally treated hydrometeor fall velocity as a tuning parameter,
which can substantially influence atmospheric circulation and cloud processes (Hourdin et al., 2017; Couvreux et al., 2021).
Cloud Doppler velocity, which represents the sum of the reflectivity weighted terminal fall velocity of cloud particles and
ambient vertical air motion, is therefore one of the key parameters governing cloud development processes (Radenz et al.,
2018; von Terzi et al., 2022). Traditionally, Doppler velocity has been measured using ground-based, ship-based and airborne
vertical pointing radars to investigate cloud microphysical properties (e.g., Okamoto et al., 2003; Shupe et al., 2008; Sato et
al., 2010; Protat and Williams, 2011; Lamer et al., 2014; Ewald et al., 2019). Doppler fall speed velocity with radar reflectivity
measurements turns out to be effective to derive cloud microphysics (Heymsfield et al., 2008; Sato et al., 2009). However,
these observations are spatially and temporally limited, making it difficult to statistically characterize vertical cloud processes
across diverse regions over long periods of time. To capture global cloud vertical motion and investigate associated aerosol—
cloud-radiation interactions, the Earth Cloud Aerosol and Radiation Explorer (EarthCARE; Illingworth et al., 2015; Wehr et
al., 2023) satellite was launched in May 2024. EarthCARE carries four state-of-the-art instruments: the Cloud Profiling Radar
(CPR), the Atmospheric Lidar (ATLID), the Multi-Spectral Imager (MSI), and the Broad-Band Radiometer (BBR). The CPR,
developed by the Japan Aerospace Exploration Agency (JAXA) and the National Institute of Information and Communications
Technology (NICT), enables the world’s first spaceborne measurements of Doppler velocity from space. This capability
provides spatially and temporally uniform data on the vertical structure of clouds, offering valuable insights into the global
characteristics of cloud vertical motion.

The CPR, a W-band nadir-pointing radar onboard EarthCARE, measures Doppler velocity using a pulse-pair processing
technique, in which Doppler velocities are derived from the coherent detection of phase shifts between successive transmitted
pulses. When the CPR observes from a fast-moving satellite platform, the correlation between successive pulses is reduced,
leading to increased random noise in the Doppler measurements (referred to as Doppler broadening: Kobayashi et al., 2002,
2003; Kollias et al., 2023; Hagihara et al., 2023). To mitigate this effect, a higher pulse repetition frequency (PRF) is required,
allowing a larger number of pulse samples to be acquired within the medium’s decorrelation time, thereby reducing random
noise and improving Doppler velocity accuracy (Doviak and Zrnic, 1993; Ruzanski et al., 2008; Kollias et al., 2014). A higher
PRF also increases the Nyquist velocity, thereby reducing the likelihood of velocity folding. These advantages associated with

higher PRF provide the fundamental motivation for employing high-PRF observation modes in the CPR.
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However, increasing the PRF imposes limitations on the CPR’s maximum unambiguous range. The unambiguous range 7;,,
defined as c/(2 x PRF) (where c is the speed of light), becomes shorter as PRF increases, which in turn restricts the
observation window and increases susceptibility to second-trip echoes (a phenomenon known as the “Doppler dilemma”;
Doviak and Zrnic, 1993). When a transmitted pulse reflects off the ground and, on its return path to the CPR antenna,
encounters a cloud that scatters it back toward the surface, the return signal is delayed. As a result, this second-trip echo appears
as a false high-altitude feature, referred to as a mirror image (Meneghini and Atlas, 1986; Li and Nakamura, 2002). Similarly,
in optically thick clouds such as tropical convective systems, multiple scattering (MS) can generate spurious high-altitude
echoes, commonly referred to as MS tails (Battaglia and Simmer, 2008; Battaglia et al., 2010, 2011, 2014, 2016, 2021). These
spurious echoes tend to appear more frequently in high-PRF modes owing to the shorter unambiguous range.

This trade-off between Doppler accuracy and unambiguous range motivated the implementation of three CPR observation
modes: 16-km, 18-km, and 20-km modes (Imura et al., 2025a, 2025b). These modes are characterized by different PRFs and
corresponding maximum observation height. The relationships between latitude, nominal EarthCARE orbit altitude, and PRF
are illustrated in Fig. 1. The 16-km mode, which employs the highest PRF range of 7150-7500 Hz, provides the most accurate
Doppler velocity measurements. However, its maximum observation height of 16 km is insufficient to fully capture very high-
level clouds, such as cirrus or tropical deep convective clouds that extend above this altitude. The 18-km mode, with PRF
values ranging from 6800 to 7150 Hz, also achieves relatively high Doppler accuracy, comparable to that of the 16-km mode
(as indicated by the green line in Fig. 1), extending the observation range up to 18 km. In contrast, the 20-km mode employs
the lowest PRF (6100—6800 Hz), which results in lower Doppler measurement accuracy but allows coverage of very high-
level clouds beyond the reach of the 16-km and 18-km modes.

To illustrate the trade-off between Doppler velocity measurement accuracy and observation height, Fig. 2 presents two case
studies based on actual CPR observations. Figure 2a shows a time—height cross-section of Doppler velocity observed on 7
November 2024, when CPR operated in the 16-km mode. Figure 2b corresponds to 1 November 2024, during which the CPR
operated at latitudes lower than 60° and the 16-km mode at latitudes higher than 60° (see Section 2.2 for details). In Fig. 2a,
cloud tops extending above 16 km are truncated due to the altitude limit of the 16-km mode, indicating that this mode is
insufficient for capturing the full vertical extent of some high clouds. In contrast, regarding Doppler velocity measurement
accuracy, the 16-km mode offers a notable advantage: Fig. 2b demonstrates that it yields a smoother Doppler velocity field
than the 20-km mode. This suggests that the 16-km mode is subject to lower noise contamination, likely due to its higher PRF.
Consequently, the 16-km mode can provide high-quality Doppler velocity measurements at the expense of reduced vertical
coverage, whereas the 20-km mode offers greater observation height at the cost of increased measurement noise.

Therefore, when implementing high-PRF modes such as the 16-km and 18-km modes, it is essential to quantitatively assess
the trade-off between the advantages of enhanced Doppler measurement accuracy and the disadvantages associated with
reduced maximum observation height and increased contamination from spurious echoes. To evaluate the benefits of enhanced
Doppler accuracy, previous studies have examined the standard deviation of Doppler velocity as a reliable indicator of Doppler

noise levels (Kollias et al., 2014; Burns et al., 2016; Hagihara et al., 2022, 2023). However, these studies relied primarily on
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simulated data, and only a limited number have analyzed actual measurements from the EarthCARE/CPR. In this study, we
110 quantified the standard deviation of Doppler velocity derived from different PRF observation modes using actual CPR
observations. Furthermore, to assess the drawbacks associated with limited observation height and the occurrence of spurious
cloud echoes, we analyzed the global distributions of cloud fraction and the occurrence of mirror images and MS tails. Through
these quantitative evaluations, this study discussed the optimal PRF mode configuration for different latitude bands, an issue
that remains under active discussion.
115 The remainder of this paper is organized as follows. Section 2 describes the data and the methods used in this study. Section 3
presents the trade-off analysis among Doppler measurement accuracy, maximum observation height, and spurious cloud
echoes. Section 4 summarizes the main conclusions and discusses the applicability of each CPR operational mode across

different latitude bands.
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Figure 2: Doppler velocity (m s™) obtained by EarthCARE/CPR for (a) Frame 02532A acquired on 7 November 2024, and (b) Frame
02432F acquired on 1 November 2024. The upper tick marks on the horizontal axis indicate latitude, while the lower tick marks
correspond to longitude. Panel (a) represents a case in which the CPR operated in the 16-km mode, whereas panel (b) shows a case
with MIX-mode operation, involving a combination of the 20-km and 16-km modes. In panel (b), cloud regions with reflectivity
greater than —20dBZ are displayed, and the regions where the CPR operated in the 20-km and 16-km modes are indicated by two-
way arrows. The horizontal dashed lines denote an altitude of 16 km.

2 Data and Methods

2.1 Utilized datasets and methodologies

Science datasets in the EarthCARE mission are summarized in Eisinger et al. (2024). This study employs the CPR L2a one-
sensor ECO product, version Ba (JAXA, 2024a), which provides radar reflectivity and Doppler velocity data with horizontal
integration lengths of 1-km and 10-km. In JAXA (2024a), Doppler velocity was processed using both bias correction and
unfolding correction. The raw Doppler velocity measured by the CPR contains a small bias that exhibits a periodic variation
along the satellite’s orbit, likely resulting from CPR antenna mispointing or satellite attitude errors (Tanelli et al., 2005;
Puigdomenech Treserras et al., 2025). This bias is estimated under the assumption that the horizontally averaged Doppler
velocity at the surface bin over a 100-km along track distance should be zero. In addition, the CPR-measured Doppler velocity

has uncertainty due to folding or aliasing, and is folded into the range from —V,,,, to V..., where

A X PRF
Vinax = TJ ¢9)
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where A4 denotes the wavelength of CPR. To mitigate this folding effect, an unfolding correction is applied following the
method of Hagihara et al. (2022), which assumes that velocities exceeding 3 m s in regions above 0 °C correspond to upward-
folded rainfall.
The measured Doppler velocity variance, 6%, includes several uncertainty components and can be expressed as

Oha = Ofandom t naturat- 2
Here, 0,4nd0m represents the random noise within the radar beam width and is estimated using the perturbation approximation

(Doviak and Zrnic, 1993) as

22 Ny
Orandom = 1 2 (1 +§) —pP° |, 3
2 2
3212Mp? (ppr)

where M is the number of pulse pairs within the integration length, p is the correlation function, and S/N is the signal-to-noise
ratio (SNR). Note that the difference between integration lengths of 1 km and 10 km affects the value of M, resulting in changes

in G,qnaom- Lhe correlation coefficient p is given by

p=enf-8( )], @

where g, is the total Doppler velocity spectral width. According to Egs. (3) and (4), higher PRF and SNR reduce random noise,

resulting in smaller 62;. Based on these equations, the theoretical relationship between PRF and 0,qnq0m is calculated, as
shown in Fig. 3. In this calculation, the parameter values listed in Table 1 are used. The SNR is set to 2.2 dB at =19 dBZ and
is assumed to vary relative to this reference value. When comparing 0;a,40m at —19 dBZ using the minimum PRFs of the 20-
km, 18-km, and 16-km modes (6100 Hz, 6800 Hz, and 7150 Hz, respectively), the resulting values are 0.60, 0.33, and 0.26 m
s'!. These results indicate that the difference in 0y,pgom between the 20-km mode and the 18-km and 16-km modes is relatively
large, whereas the values for the 18-km and 16-km modes are comparatively similar. This relationship corresponds well to the
differences in PRF values shown in Fig. 1. The term g,,44,,-q; T€presents natural variability, encompassing perturbations in
vertical air motion and variations in fall speeds arising from differences in hydrometeor size and density. The standard
deviation of Doppler velocity is calculated as described in Section 3.1; however, it should be noted that these values include

contributions from both random noise and natural variability.

Parameter Meaning Definition Value Unit
A Wavelength A=c/f 0.00319 m
f Frequency - 94.05 GHz
M Number of pulse pairs within the integration length M= Li X PRF X (NB — 1) - -
Ve, X 24
Li Horizontal integration length - lorl0 km




NB Pulse number per a data frame - 22 -
V Ground track speed of a satellite - 7,738 m/s

Total Doppl locit tral width 4.01 /
oy otal Doppler velocity spectral wi o, = ,Jszm t ol + O—;sd m/s
Osm Spread due to satellite motion Osm = (0.3 X0 XV,) 3.85 m/s
0 Antena beam width 0.095° from CPR specification 0.00166 rad
o Spread due to turbulence Refer to Amayenc et al. (1993) 1.0 m/s
Opsd Spread due to the distributions of hydrometeor Refer to Gossard et al. (1997) 0.5 m/s

falling velocities

165 Table 1: Values used for the calculation shown in Fig. 3. Note that one data frame is defined as a basic Doppler processing unit and
consists of 24 transmit-receive windows. Doppler velocity is estimated by integrating the returned signals within one data frame.
The number of pulses, NB, is set to 22 because two or three pulses are not transmitted for noise sampling or calibration.
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Figure 3: The theoretical relationship between PRF and 0,.4,,40m, calculated using Eqs. (3) and (4) and the parameters listed in Table
1. The PRFs corresponding to the 20-km, 18-km, and 16-km modes are indicated at the top of the figure. The 1-km and 10-km
integrations are shown by dashed and solid lines, respectively.

For the identification of cloud areas, the CPR L2a one-sensor CLP product, version Bb (JAXA, 2024b), was utilized (Sato et

al., 2025). Cloud areas were defined as regions where the cloud mask value in the product was 30 or 40, corresponding to
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good or strong cloud echoes, respectively, and cloud fraction was defined as the proportion of observations in which clouds
were detected relative to the total number of observations. In Section 3.3, the frequency of second-trip echo occurrence was
calculated using the mirror echo flag in the CPR L2a ECO product, which identifies second-trip echoes associated with both
mirror images and MS tails at two confidence levels, possible and certain. As described in the Algorithm Theoretical Basis
Document (ATBD) for the JAXA’s Level 2 product (JAXA, 2025), this identification method is based on Battaglia (2021).
Here, we used mirror echo flag values greater than zero, i.e., cases in which either mirror images or MS tails were identified
with at least possible confidence. Because of uncertainties in estimating second-trip echo reflectivity, a small fraction of
mirror echoes and MS signals may remain undetected (Aoki et al., 2025). However, this issue is minor and outside the scope
of the present study. Note that second-trip echoes identified by the mirror echo flag in the CPR L2a ECO product have
already been removed from the cloud mask in the CPR L2a CLP product.

To further reduce the possibility of such undetected echoes, information from the ATLID sensor was incorporated. ATLID
observes the atmosphere simultaneously with the CPR and has higher sensitivity to optically thin clouds. The ATLID L2a
one-sensor CLA product, version Ba (JAXA, 2024c), provides a feature mask, which we used to estimate the cloud-top
height (Nishizawa et al., 2026). Using this information, CPR-detected clouds were constrained such that their upper
boundaries did not exceed the cloud-top height detected by ATLID, thereby more effectively removing second-trip echo
artifacts. This correction is based on the assumption that lidar generally has higher sensitivity to high-level ice cloud
particles than cloud radar. It is also noted that joint analysis of cloud top heights from CloudSat and CALIPSO revealed that
the global mean fraction of clouds where CloudSat-determined cloud top altitude was higher than that determined by
CALIPSO was relatively small (10%) for high-level clouds, though such fractions in low- and mid-level clouds were 26%
and 39 %, respectively (Hagihara et al., 2014). This tendency can be attributed to pulse stretching effects inherent in radar

observations, which can lead to an overestimation of cloud top heights by CloudSat, as discussed in Xu et al. (2025).

2.2 MIX-mode configuration and special operation of the CPR

In this study, we analyzed CPR observations over a 14-month period from August 2024 to September 2025. During this period,
several changes in CPR operating modes occurred, including a major reconfiguration of the MIX-mode in July 2025 and a
special observation campaign in November 2024. Because these mode transitions affect the achievable Doppler velocity
accuracy, we summarize the relevant operational context here before describing the analysis results in Section 3.

At the beginning of the analysis period, the CPR was operated in the so-called MIX-mode, in which the radar employed the
20-km mode at latitudes lower than 60° and the 16-km mode at latitudes higher than 60°. This configuration reflects the fact
that deep convective clouds can develop to much higher altitudes in low-latitude regions, while such high clouds are generally
absent at high latitudes. The MIX-mode operation continued until 8 July 2025.

On 8 July 2025, the observation mode for latitudes below 60° was switched from the 20-km mode to the 18-km mode to

improve Doppler velocity measurement accuracy in low-latitude regions. To evaluate the impact of this change, this study
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analyzed data from August—September 2024 and August—September 2025 and compared Doppler accuracy before and after
the MIX-mode modification (see Section 3.1 for details).

In addition, CPR conducted a special global observation campaign in November 2024. During this period, the CPR operated
globally in the 16-km mode from 5 November 2024 21:00:02 to 9 November 2024 00:00:02 UTC, and in the 18-km mode
from 9 November 2024 00:00:03 to 12 November 2024 11:50:48 UTC. These operations were preceded by a MIX-mode
period, during which the 20-km mode was active at latitudes lower than 60° from 1 November 2024 00:00:00 to 5 November
2024 21:00:01 UTC. Together, these observations enable a direct comparison of Doppler velocity measurement accuracy
among the 16-km, 18-km, and 20-km modes over the same geographic regions and during the same season. Therefore, in our
comparative analysis of Doppler accuracy and second-trip echo characteristics, we focused on latitudes lower than 60° (see
Sections 3.1 and 3.3) and used CPR data from all three operational modes, including the special operation period described

above.

2.3 Influence of IQ offset on Doppler velocity measurements

In Doppler radar systems, the IQ offset refers to a direct current (DC) bias added to the in-phase (I) and quadrature (Q) baseband
signals due to receiver imperfections, such as mixer imbalance and analog circuit offsets. This offset shifts the I/Q constellation
away from the origin and can influence Doppler velocity measurements, particularly in low-reflectivity regions with a low S/N
ratio.

CPR is equipped with a nominal and a redundant Signal Processing Unit (SPU-B and SPU-A, respectively), which exhibit
different IQ offset characteristics. It is known that the 1Q offset of SPU-A, which was refurbished from the engineering model,
is larger than that of SPU-B. From the start of observations on 18 June 2024 until 22 June 2024, CPR operated using SPU-B.
Due to an operational issue, the active unit was switched from SPU-B to SPU-A on 24 July 2024. The system was then switched
back to SPU-B on 26 November 2024, and SPU-B has been in operation since then. The Doppler velocity analysis using data
from November 2024, which is the primary focus of this study, corresponds to the period during which CPR was operating
with SPU-A. Therefore, to mitigate the impact of IQ offset on Doppler velocity measurements, particularly in noisy low-
reflectivity regions, this study focuses on higher-reflectivity regions (greater than —20 dBZ), where radar echoes are more

reliable.

3 Result

3.1 Standard deviation of Doppler velocity from CPR

To quantify differences in Doppler velocity data quality among the CPR operational modes, this study calculated the standard
deviation (STD) of Doppler velocity, which serves as a useful proxy for sum of Doppler measurement accuracy and natural
variabilities of Doppler velocity. The standard deviation was calculated from all samples within each latitude—height bin for

radar reflectivities between —20 dBZ and 0 dBZ. The 10-km integration Doppler data were used. This analysis focuses on the



240

245

250

255

latitudinal band from 60°S to 60°N and the period from 1 to 12 November 2024, during which the 16-km and 18-km modes
were globally fixed. Figures 4a—4c show the latitude-altitude cross sections of the mean Doppler velocity for each operational
mode, while Figs. 4d—4f show the corresponding STDs. Figure 4 is intended primarily to provide a qualitative overview of the
spatial distribution of Doppler velocity variability among the operational modes. We focus on reflectivity between —20 dBZ
and 0 dBZ in order to exclude regions with low S/N ratios at very low reflectivity, where the influence of the IQ offset in SPU-
A on Doppler velocity measurements is significant, as described in Section 2.3, as well as regions strongly affected by
attenuation at very high reflectivity. In addition, the mean and STD of Doppler velocity were masked where the sample count
was less than 1000 to exclude noisy Doppler velocity values associated with small sample sizes near cloud-top edges. Figures
4a—4c indicate that the mean Doppler velocity is generally positive at higher altitudes and negative from the middle to lower
troposphere. The large negative Doppler velocities at temperatures above 273 K correspond to rain regions. In Figs. 4d—4f, the
large STDs at temperatures above273 K correspond to rain regions, where a wide range of hydrometeors, from drizzle to
raindrops, exhibits a broad spectrum of fall velocities. In contrast, the enhanced STDs near cloud-top altitudes are primarily
attributed to the limited number of available cloud samples, as indicated in Figs. 4g—4i. When comparing across operational
modes, in cloud regions at temperatures below 273 K, the 20-km mode exhibits relatively large STDs (Fig. 4f; mean STD of
0.80 m s™'), whereas the 16-km and 18-km modes (Figs. 4d and 4e; mean STDs of 0.60 m s! and 0.64 m s™', respectively)
show smaller and comparable STD values when STD values are compared at the same latitude and altitude between the two
modes. These differences are consistent with the corresponding PRF differences among the modes: the 16-km mode, with the
highest PRF, provides more accurate Doppler measurements and thus smaller STDs, while the 20-km mode, with the lowest

PRF, exhibits degraded Doppler performance and larger STDs.
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Figure 4: Latitude-altitude cross sections of (a—c) mean Doppler velocity, (d-f) standard deviation of Doppler velocity, and (g—i)
cloud sample counts for radar reflectivities between —20 dBZ and 0 dBZ. The 10-km integration Doppler data were used. The mean
values of Doppler velocity and its standard deviation at temperatures below 273 K are shown at the top of each panel. The 16-km,
18-km, and 20-km modes are shown from left to right. The white dashed line in panels (a—f) indicates the 273.15 K isotherm. Data
acquired from 1 to 12 November 2024 were used, and only latitudes within 60°S—60°N are shown. Cloud echoes above the cloud-top
heights detected by ATLID were excluded from the analysis. The mean Doppler velocity and STD are masked where the sample
count is less than 1000.

To further examine how Doppler measurement accuracy depends on the S/N ratio, the dependency of the Doppler velocity
STD on radar reflectivity was analyzed. Figures 5a and 5b show the Doppler velocity STDs as a function of radar reflectivity
for the 16-km (solid blue line; ST D;gxm ), 18-km (solid green line; ST D; gy ), and 20-km (solid red line; ST Dy, ) oOperational
modes. To investigate the dependence of STD on the integration length, results from 1-km and 10-km integrations are
compared. This analysis focuses on the latitudinal band from 60°S to 60°N during the special operation of the CPR from 1 to
12 November 2024. To ensure consistency across modes, only clouds below 16 km were considered, because clouds detectable
by the 18-km and 20-km modes above this altitude are not observable by the 16-km mode. Furthermore, to avoid signal
degradation caused by strong attenuation from precipitation, cloud regions below the melting layer were excluded. The
standard deviation was calculated from all samples within each reflectivity bin between —20 dBZ and 0 dBZ. Note that the

observed Doppler STDs include contributions from both random errors and natural variability, as described in Eq. (2).
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Figures 5g and 5h show the corresponding sample counts for each radar reflectivity bin. The sample counts for each operational
mode are comparable in magnitude (on the order of 10°), thereby ensuring a fair comparison of Doppler velocity STDs. Figures
5a and 5b show a clear decreasing trend in STD with increasing radar reflectivity, which is attributable to improved SNR at
higher reflectivity values, as described in Eq. (3). A comparison between integration lengths indicates that the 10-km
integration produces smaller STDs than the 1-km integration, reflecting the noise-reduction benefit of temporal and spatial
averaging. Across operational modes, the 20-km mode exhibits the largest STDs, whereas the 16-km mode consistently shows
the smallest values (see Table 2), indicating that the 16-km mode, which employs the highest PRF, provides the best Doppler
measurement performance. The 18-km mode yields STDs comparable to those of the 16-km mode, with only slightly larger
values, indicating nearly equivalent Doppler measurement performance.

Dashed lines show the theoretical calculation of Doppler velocity measurement, derived from Eq. (3) following Doviak and
Zrnic (1993). For these theoretical calculations, the PRF was set to 7,350 Hz, 7,000 Hz, and 6,300 Hz for the 16-km, 18-km,
and 20-km modes, respectively, corresponding to the mean values within the variable PRF ranges for each mode. The findings
from Figs. 5a and 5b are fully consistent with the theoretical estimates of random Doppler velocity error; however, when
focusing on the absolute STD values, the observed STD is generally larger than the theoretical value. This is because the
observed Doppler velocity contains not only random measurement error but also components associated with natural variability.
In addition, the use of SPU-A, which represents poorer Doppler velocity measurement performance compared to SPU-B, also
contributes to the larger observed STD. One exception is found at —20 dBZ for the 1-km integration, where the theoretical
value slightly exceeds the observed Doppler velocity STD. This may be attributable to the use of fixed PRF value in the
theoretical calculation, whereas the actual PRF varies with latitude.

Figures 5c and 5d present the differences in Doppler STDs between the 20-km (AST D41, ) Or 18-km modes (AST D; gy, ) and
the 16-km mode (in m s™'). Based on Eq. (2) and under the assumption that the natural variability component is common

among the modes within each reflectivity bin, these differences can be expressed as

ASTDyopm = \/STDzzokm — STDgim

= \/(STD‘rzandom,Zokm + STDrzlatu‘ral) - (STDEandom,lékm + STDrzlatural)

- \[STDfandom,ZOkm - STDrzandom,lﬁkm' (5)

ASTD;gem = \/STDfskm - STD126km

= \/(STD‘rzandom,lskm + STDrzlatu‘ral) - (STDEandomJka + STDrzlatural)

- \/STDT?andomJBkm - STDrzandom,mkm' (6)

Figure 5e and 5f indicate the relative differences (RDs) in Doppler STDs with respect to the 16-km mode. The RDs for the 20-

km mode (RD,gky,) and the 18-km mode (RD, gy, ) Were calculated as follows:
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STDZOkm - STDlﬁkm

RD = , 7

20km STDlékm ( )
STDIBkm - STDlﬁkm

RD = . 8

18km STDlem ( )

These metrics, defined in Egs. (5)—(8), quantify the degradation in Doppler observation performance of the 20-km and 18-km
modes relative to the 16-km mode, which employs the highest PRF, provided that natural variabilities of
clouds/drizzle/precipitation are similar at same radar reflectivity among the three modes and it is expected that these differences
between the 20-km or 18-km and the 16-km modes correspond solely to the Doppler velocity measurement accuracy.
Furthermore, Egs. (5) and (6) effectively represent the differences in random error between the modes by removing the natural
variability component and can be compared with theoretical random error estimates derived from Eqgs. (3) and (4).

Figures. Sc—5f show that the 20-km mode produces substantially larger STD differences (1.25 m s and 0.75 m s! at —20
dBZ for 1-km and 10-km integrations, respectively) and RDs (60% and 56% at —20 dBZ for 1-km and 10-km integrations,
respectively), whereas the 18-km mode exhibits much smaller STD differences (0.53 m s and 0.32 m s™* at 20 dBZ for 1-
km and 10-km integrations, respectively) and RDs (13% at —20 dBZ for both 1-km and 10-km integrations). These differences
tend to decrease with increasing radar reflectivity because of the improvement in S/N; however, the decreasing trend becomes
obscure approximately above —15 dBZ. This behavior is consistent with the theoretical results shown in Fig. 3. Overall, these
results demonstrate that the 16-km and 18-km modes provide higher Doppler data quality than the 20-km mode and exhibit
similar overall Doppler measurement performance. In addition, the theoretical differences in STDs shown in Figs. 5¢c—5d are
in good agreement with the observations, both exhibiting decreasing trends with increasing reflectivity, and the 20-km mode
consistently shows larger values than the 18-km mode. In particular, the theoretical and observed STD differences show very
close agreement for the 18-km mode at the 1-km integration. The slight discrepancies between the observed and theoretical
values likely arise from the aforementioned use of SPU-A, the use of a fixed PRF, and the possibility that the natural variability

component is not completely removed.
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Figure 5: (a, b) STDs of Doppler velocity (m s™!) as a function of radar reflectivity; (c, d) STD differences and (e, f) relative differences
325 (%) of the 18-km and 20-km modes relative to the 16-km mode; and (g, h) sample counts for each radar reflectivity bin. The left and
right panels correspond to the 1-km and 10-km integrations, respectively. The 16-km, 18-km, and 20-km modes are indicated by
blue, green, and red lines, respectively. In panels (a)—(d), the solid and dashed lines represent observed values and theoretical
estimates, respectively. The observed data from 1-12 November 2024 were used, and the analysis region is limited to latitudes within
60° and temperatures below 273 K. To ensure a consistent comparison among the modes, only clouds below 16 km were analyzed.
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335

340

345

350

1-km integration

10-km integration

16-km mode 1.00 ms™ 0.63ms™!
18-km mode 1.13ms! 0.7l ms™!
20-km mode 1.60 ms™! 098 ms™!

Table 2: Doppler standard deviation values at —20 dBZ for 1-km and 10-km integrations shown in Figs. 5a and Sb.

3.2 Evaluation of high-level cloud coverage

As mentioned, the high-PRF modes such as the 16-km and 18-km modes offer significant advantages in terms of Doppler
measurement accuracy. However, their maximum observation altitudes are lower than that of the 20-km mode, which can
detect clouds up to 20 km. This limitation may lead to missed detections of high-level clouds. To assess the feasibility of
implementing the 16-km or 18-km modes depending on latitudes, the zonal-mean cloud coverage was examined to identify
the latitudinal bands where these operational modes are appropriate.

Figure 6 shows the zonal-mean cloud fractions derived from CPR, averaged over a one-year period from August 2024 to July
2025. The results are displayed on a logarithmic colour scale to emphasize regions of low cloud fraction, and to enhance the
visibility of the vertical and latitudinal distributions of cloud occurrence. To avoid contamination by second-trip echoes at high
altitudes, as described in Section 2.1, the cloud fractions were corrected such that they do not extend above the cloud-top
heights detected by ATLID.

Focusing on the maximum altitude of cloud occurrence, clouds extending above 16 km are primarily observed between
latitudes 0° and 40°, suggesting that the 16-km mode can be implemented in the latitude bands of 40°-90°. At lower latitudes,
however, high-level convective clouds in the tropics frequently extend above 16 km, rendering the 16-km mode unsuitable in
these regions. The globally averaged cloud fractions above 16 km and 18 km are 9.3 x 102 and 2.0 x 1073, respectively. Given
the extremely small cloud fraction above 18 km, the 18-km mode can be applied even in low-latitude regions. Nevertheless,
in rare cases, clouds may extend beyond 18 km, such as overshooting tropical convective clouds (Iwasaki et al., 2010; Bedka
et al., 2012; Takahashi and Luo, 2014; Takahashi et al., 2017). Figure 7 provides an example of such an event, showing cloud
tops exceeding 18 km as detected by CPR and ATLID. In these instances, the 18-km mode may fail to capture the uppermost

portions of the clouds, and this limitation should be considered when applying the mode in low-latitude regions.
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Figure 6: Zonal-mean cloud fraction derived from CPR observations, averaged over a one-year period from August 2024 to July
2025. Values are displayed on a logarithmic scale to highlight regions of low cloud fraction and to emphasize the presence of clouds
355 at high altitudes. Clouds above the cloud-top heights detected by ATLID are excluded from this analysis.

December 20, 2024, 03201A
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Figure 7: Cloud regions detected by CPR and ATLID for Frame 03201A acquired on December 20, 2024. Red, blue, and green
indicate cloud regions detected by ATLID, CPR, and their overlap, respectively. The upper and lower ticks on the horizontal axis
denote latitude and longitude, respectively. The dashed line indicates an altitude of 18 km.

360 3.3 Evaluation of second-trip contamination
In the 16- and 18-km modes, which use higher PRFs, second-trip echoes, including mirror images, are more likely to occur,
as discussed in Section 3.1. Although the CPR L2a ECO product provides information on the probable locations of second-

trip echoes, second-trip echo reflectivity values are not provided because of uncertainties in their estimation. As a result, it is
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difficult to directly quantify cases in which real clouds overlap with second-trip echoes. Therefore, this study estimates the
overlap risk for each operational mode by using the statistical occurrence frequencies of real clouds and second-trip echoes.
Figure 8 shows zonal-mean cloud fraction, second-trip echo fraction, and the resulting overlap risk between real clouds and
second-trip echoes for each operational mode, based on data from November 2024. The overlap risk is defined as the product
of the cloud fraction and the second-trip echo fraction, implying that the risk increases when either component is large. Note
that this metric is not intended to represent the true joint probability of second-trip echoes and cloud occurrence, because the
two events are not statistically independent. Specifically, as cloud-top heights increase, the altitude at which second-trip echoes
from mirror images appear becomes lower, leading to a higher likelihood of overlap with actual cloud echoes when high clouds
are present. MS tails also tend to occur in association with deep convection, in which case second-trip echoes are likewise
more likely to overlap with real cloud echoes. Rather, it is introduced as a risk index that combines the occurrence frequencies
of real clouds and second-trip contamination. The spatial distribution of clouds is generally consistent across the operational
modes (Figs. 8a—8c). In contrast, the occurrence characteristics of second-trip echoes differ substantially among the modes:
second-trip echoes tend to occur at lower altitudes in the 16-km mode, whereas they appear preferentially at higher altitudes
in the 20-km mode (Figs. 8d—8f). Regarding the overlap risk, it is lowest in the 20-km mode, with a global-mean value of 8.0
x 107%, and larger in both the 16-km and 18-km modes (2.9 x 10~ for each; Figs. 8g—81i), corresponding to an increase by a
factor of approximately 3.6 relative to the 20-km mode. Focusing on the latitudinal extent of the overlapping regions, these
areas extend up to approximately 40° latitude in the 16-km and 18-km modes (Figs. 8g and 8h), whereas they are confined to
about 20° latitude in the 20-km mode (Fig. 8i). This result indicates that the 16-km and 18-km modes carry an increased risk
of overlap between real cloud echoes and second-trip echoes within roughly 0°—40°, while in the 20-km mode, this potential
overlap is largely restricted to approximately 0°—20°.

Figure 9 shows the corresponding vertical profiles of these quantities. Clouds are predominantly observed up to approximately
16 km (Fig. 9a), while second-trip echoes begin to occur at altitudes around 10 km in the 16-km and 18-km modes, and around
12 km in the 20-km mode (Fig. 9b). As a result, cloud and second-trip echo signals overlap primarily between altitudes of
roughly 10 and 16 km, as indicated by the overlap risk profile in Fig. 9c. The overlap risk for the 20-km mode peaks at an
altitude of approximately 13.75 km, reaching values of 5.3 x 1073, whereas the corresponding overlap risks in the 16-km and
18-km modes at the same altitude are 3.3 x 10~* and 3.6 x 107, respectively, which are approximately 6.3 and 6.8 times larger
than that of the 20-km mode. These results indicate that the high-PRF modes carry a substantially higher risk of overlap
between real cloud echoes and second-trip echoes. It should also be noted that the mirror echo flag information used in this
analysis is incomplete and may occasionally fail to identify second-trip echoes, suggesting that the actual overlap risk may be

underestimated in the present results.
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Figure 8: Zonal-mean (a-c) cloud fraction derived from CPR observations, (d-f) second-trip echo occurrence frequency, and (g-i)
overlap risk between cloud echoes and second-trip echoes, defined as the product of the cloud fraction and second-trip echo fraction.
Panels (a)-(c) show the mean cloud fractions averaged over the respective observation periods of the 16-km, 18-km, and 20-km
modes. Clouds above the cloud-top heights detected by ATLID are excluded in panels (a)-(c). Data from 1-12 November 2024 were
used, and the analysis region is limited to latitudes within 60°. All quantities are displayed on a logarithmic scale.
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Figure 9: Vertical profiles of (a) cloud fraction, (b) occurrence frequency of second-trip echo, and (c) overlap risk between cloud
and second-trip echoes, defined as the product of the cloud fraction and second-trip echo fraction shown in panels (a) and (b). The
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16-km, 18-km, and 20-km modes are indicated by blue, green, and red lines, respectively. In panel (a), the coloured lines represent
the mean cloud fractions over the respective observation periods of each operational mode. Clouds above the cloud-top heights
detected by ATLID are excluded in panel (a). The analysis region is limited to latitudes within 60°.

4 Discussion and Conclusion

This study investigated the applicability of the 16-km, 18-km, and 20-km observation modes of the CPR, each characterized
by different PRFs and maximum observation altitudes, based on actual CPR observation data, extending earlier simulation-
based evaluations. To quantitatively assess and compare the advantages and disadvantages of these three modes, the analysis
focused on three key aspects: (1) Doppler velocity measurement accuracy, (2) high-level cloud fraction, and (3) the occurrence
frequency of second-trip echoes.

Regarding Doppler measurement accuracy, the STD of Doppler velocity was used as an indicator within the latitudinal range
of 60°S—60°N. The largest STD values were found in the 20-km mode, whereas the 16-km and 18-km modes exhibited smaller
and comparable STDs (Figs. 4-5). Provided that natural variabilities of cloud contributions in STDs are similar at the same
reflectivity among the three modes, the differences in STD between two modes, such as 18-km and 16-km modes, correspond
to the differences in Doppler measurement accuracy as a function of radar reflectivity. Under the conditions considered in this
study, the RD; g, is smaller than RD, gy, (Fig. 5). These results demonstrate that the 16-km and 18-km modes provide more
accurate Doppler velocity measurements than the 20-km mode, with the 18-km mode achieving Doppler accuracy comparable
to that of the 16-km mode. Although this performance hierarchy has been theoretically suggested by previous simulation
studies, this study confirms it for the first time using actual CPR observation data.

In terms of high-level cloud coverage, clouds exceeding above an altitude of 16 km were primarily observed between
approximately 0° and 40° latitude, whereas clouds extended above 18 km were rare within this latitude range (Fig. 6).
Accordingly, the 18-km or 20-km mode is appropriate for implementation within the 0°—40° latitude range. In contrast, at
higher latitudes, the 16-km mode or 18-km mode is more suitable for ensuring high Doppler measurement accuracy, given the
limited occurrence of very high clouds. Regarding second-trip echo occurrence, the potential overlap between real cloud and
second-trip echoes was more frequent in the 16-km and 18-km modes than in the 20-km mode (Figs. 8-9). Such overlap events
were largely confined to altitudes between 10 km and 16 km and latitudes between approximately 0° and 40°, indicating that
the 16-km and 18-km modes remain applicable at latitudes above 40°, where overlap risk is minimal.

In summary, for latitudes between 0° and 40°, both the 18-km and 20-km modes can be used, as the cloud fraction above 16
km is relatively high, whereas that above 18 km is extremely small in these regions. When the 18-km mode is employed within
this latitude band, it provides higher-quality Doppler velocity measurements but entails a greater risk of overlap between real
clouds and second-trip echoes compared with the 20-km mode. For latitudes above 40°, all observation modes are suitable in
terms of cloud vertical extent; however, the 16-km mode is preferable because it offers the highest Doppler velocity accuracy,

cloud occurrence is generally sparse, and the risk of cloud—mirror overlap is low.
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Currently, the operational concept of the CPR prioritizes higher Doppler velocity measurement accuracy at the expense of an
increased risk of cloud—second-trip echo overlap. Accordingly, the 20-km mode was replaced by the 18-km mode between 0°
and 60° during the nominal MIX-mode operation since 8 July 2025. In addition, a further modification to the MIX-mode was
implemented on 26 November 2025, whereby the latitude boundary for switching between the 16-km and 18-km modes was
shifted from 60° to 40° in order to enhance Doppler data quality in the 40°-60° latitude band. In both cases, the risk of cloud—
second-trip echo overlap is expected to increase. In particular, when real cloud echoes and second-trip echoes overlap, it is
difficult for the mirror echo flag used to identify second-trip echoes to distinguish between them, potentially leading to an
underestimation of the overlap risk evaluated in this study. Therefore, continuous and careful quantification of the overlap risk
is required in future work. Regarding the evaluation of Doppler measurement accuracy, the Doppler STDs calculated in this
study include contributions from natural variability and thus do not represent pure random errors. To better interpret Doppler
STDs, future studies should further validate the CPR Doppler measurements using independent observations, such as ground-
based or aircraft-borne radars operating in coordination with EarthCARE underflights (e.g., HG-SPIDER; Horie et al., 2000,
HALO/HAMP; Mech et al., 2014; Ewald et al., 2019). Furthermore, in the tropics, rare overshooting convective clouds can
exceed altitudes of 18 km. In such cases, the 18-km mode cannot fully capture the uppermost portions of these clouds. Thus,
a statistical analysis of cloud fractions above 18 km in the tropics, based on ATLID observations, should be conducted in
future studies.

Overall, the findings of this study highlight the inherent trade-off between Doppler measurement accuracy and the risk of
second-trip echo occurrence across the three CPR observation modes. Discussions on the optimal implementation of

observation modes for each latitude band are currently ongoing.
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