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Abstract. This study applies an ice-particle growth identification method to global observations obtained from the
EarthCARE satellite. The method uses a joint probability density function of the equivalent radar reflectivity factor (Z.) and
Doppler velocity (vz) on a common logarithmic scale (Z.—logiovs diagram), where the ratio of changes in Z. to changes in
logiovs —referred to as the slope—serves as a quantitative indicator of dominant cloud microphysical processes. The
analysis investigates the impact of random noise in Doppler velocity, which is a critical issue in EarthCARE products. In
particular, three major error sources are addressed: observation window mode, along-track integration length, and bias
correction related to antenna thermal distortion. These factors are found to significantly affect the derivation of slope values.
To minimize the influence of noise, a representative slope is defined by calculating the median Doppler velocity in each Z,
bin before applying the logio transformation. Using this revised method, EarthCARE’s global observations reveal a
systematic increase in the representative slope with atmospheric temperature across all latitude bands. While regional
variations in slope are generally small, they nonetheless reflect distinctive microphysical characteristics specific to each
region. These findings demonstrate that the EarthCARE satellite can be used to globally monitor cirrus cloud growth
processes and offer a quantitative metric for evaluating the performance of climate models in representing cloud

microphysics.

Short Summary. How ice particles grow in extremely cold conditions remains poorly understood due to limited
observations. This study develops a new method to identify dominant ice-particle growth from radar reflectivity and Doppler
velocity. It reveals, for the first time, that key growth processes vary not only with temperature but also by region. These

findings highlight EarthCARE’s value for monitoring clouds and improving climate model representation.

1 Introduction

The EarthCARE satellite is equipped with four sensors to comprehensively understand the hydrosphere under the strong
influences of clouds, aerosols, and radiation. In particular, the spaceborne W-band cloud profiling radar with Doppler

capability (CPR) is the most distinctive feature of the satellite (Kollias et al., 2014). In general, cloud particles grow within a
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moist ascending air parcel and eventually form precipitation once they become sufficiently heavy. Thus, observations of
vertical air motion are essential for understanding the mechanism of particle growth.

The EarthCARE satellite was scheduled for launch in 2018 (Illingworth et al., 2015) and was finally launched on 28 May
2024. During this preparation period, analysis methods for CPR have been developed. For instance, satellite signal
simulators (Hashino et al., 2013; 2016; 2025; Reverdy et al., 2015; Voors et al., 2017) has been elaborated to examine CPR
signals before its launch. The simulators are capable to generate the equivalent radar reflectivity factor (Z.) and Doppler
velocity (vs) based on atmospheric simulations. The initial attempt of model evaluation was to compare the vertical
distribution of v4, as had been done with the equivalent radar reflectivity factor Z, using CloudSat satellite observations (e.g.,
Hashino et al., 2013). Through the early evaluation of atmospheric models using in-situ observations (e.g., Roh et al., 2024),
Doppler velocity observations have been shown to be sensitive to distinguish different cloud microphysics schemes.
Subsequently, new metrics to directly evaluate cloud microphysical processes using Doppler radar are desired.

Recently, a novel analysis method that jointly utilizes simultaneous observations of Z. and vy was proposed based on in-situ
ground-based radar observations prior to the launch of the EarthCARE satellite (Seiki et al., 2025). This analysis enables us
to estimate key cloud microphysical processes in cirrus clouds with a quantitative index. With the release of the EarthCARE
Level 2 product on 17 May 2025, this study finally applies this new analysis method to EarthCARE observations. However,
according to the Algorithm Theoretical Basis Document (ATBD) for the Level 2 product edited by the Japan Aerospace
Exploration Agency (JAXA), some practical issues need to be addressed in its application. After the launch, the EarthCARE
Level 1 products, which are the sources of the Level 2 product, have been calibrated and validated. Subsequently, two major
error sources were estimated as expected in the pre-launch analyses and an additional error source due to the harsh space
environment was identified. This study examines the impact of these error sources to the analysis results to confirm the
usefulness of the analysis method with the satellite observations.

The analysis method is briefly described in Section 2. Subsequently, the error sources and expectation of the influences of
the errors to the method are described in Section 3. In Section4, the revised version of the analysis method is then proposed
to address the issues found in Section 3. Section 5 shows the results of the global analysis using EarthCARE satellite
observations. Section 6 discusses issues related to the analysis of W-band observations. Finally, findings are summarized in

Section 7.

2 Analysis Method
2.1 Analysis using Z—logiova diagram

The novel analysis method using the Z.—logiovs diagram proposed by Seiki et al. (2025) is briefly documented here.
Assuming that the mass concentration M [kg m™], representing the average mass concentration within a radar range bin,
follows a power law of the mean particle diameter D [m] as M o« D? (2 < b < 3), the equivalent radar reflectivity factor

Z. [dBZ] in Rayleigh scattering regions is represented as follows:
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Z, = 10log,u M + (60 — 10b)10log,, D+c. €))
where c¢ is a coefficient related to unit conversion and the weighting used in the integration over the particle size distribution.

Thus, a change in Z, attributes to a change in M and a change in D as follows:

AZ, = 10log,, e%w + (60 — 10b) log,, e%ﬁ. 2)
Similarly, a change in Doppler velocity vq is expressed in a common logarithmic scale as follows:

Alogyo(va) = logie e B2, 3)
with two simplifications involving the ice terminal velocity oy

v, =aDP (05 < B < 2) 4)
Vg ~Ve. (5)

Thus, a change in vg also attributes to a change in D under an assumption that atmospheric vertical motion is sufficiently
small compared to v;.
By dividing Eq. (2) by Eq. (3), the relationship between Z. and v, can finally be directly explained by microphysical

properties as follows:

AZg 10D AM | 60-10b

Alogioug B M AD B (6)

Based on Eq. (6), the slope on the two-dimensional parameter space of Z. and logiovs represents the variation in the mass
concentration with respect to the mean particle size that is the sensitive to microphysical processes.

When particles size becomes sufficiently large to be in Mie scattering regions, in which size parameter is larger than 1 (D >
103 m for CPR), radar reflectivity factor is proportional to square of particle size. Eq. (1) and subsequently Eq. (6) need to

be modified as follows:

AZ, 10D AM |, 20-10b 10D AM

Alogiovg B M AD g B MAD (7)

In such a case, b ~ 2 gives a good approximation since large ice particles are likely to grow two-dimensionally (e.g., Mitchell,
1996; Westbrook et al., 2004). Therefore, the second term in the right-hand side of Eq. (7) is negligible. Comparing Eq. (7)
to Eq. (6), the slope is expected to be smaller at larger v, ranges.

This method can be utilized for non-convective cloud systems since Doppler velocity should be positive in a logarithmic
scale (Eq. 3). In such cloud systems, quasi-stationary downdraft exists associated with snowfall drag. However, influences of
such vertically uniform air-motion to this analysis, in which the simplification of Eq. (5) is applied, can be mostly cancelled
by differentiate Doppler velocity as Eq. (3).

To characterize key cloud microphysical processes in cloud layers, a joint probability density function (JPDF) of Z, and
logiova is made in the cloud layers, and subsequently, the first principal component in the JPDF indicates the representative

sensitivity in the cloud layers (Egs. 6-7). Hereafter, the JPDF is referred to as the Z—logiovs diagram.
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2.2 Reference analysis using in-situ observations

In prior to the analysis using the EarthCARE satellite observations, the principal component analysis (PCA) using in-situ
ground radar observations are shown as the reference. This study analyzed the same in-situ observations as Seiki et al.
(2025), who utilized annual observations from January to December 2022 derived from the High-sensitivity Ground-based
Super Polarimetric Ice-crystal Detection and Explication Radar (HG-SPIDER; Horie et al., 2000) located in Koganei City,
Japan (35.7°N, 139.5°E). Cloudy pixels were identified using a radar reflectivity threshold greater than -35 dBZ based on the
EarthCARE Level 2 ATBD although HG-SPIDER has greater sensitivity to cloud layers than CPR (Horie et al., 2000).

In this study, ice particles that grow while falling are sampled using thresholds for the vertical gradient of Z. and v, as

follows:
07 (92
T, > (BTa)min’ (3)
dlogiovg dlogiovg

T, ( T, )min’ ©)
vg > 0. (10)
The thresholds, (aﬁ) = 0.01 [dBZ K'] and 6105+vd= 0.001 [K'!], were chosen based on in-situ ground radar

a’min a

observations (Seiki et al., 2025). In addition, atmospheric temperature inversion layers were excluded from the analysis.

Figure 1 shows the Z—logiovs diagram at various atmospheric temperature ranges in the upper troposphere. In general, the
mean Z, increases with increasing atmospheric temperatures as is expected in the sampling method (Egs. 8-9). In addition, an
increase in the slope is also found with increasing atmospheric temperatures. This indicates the transition of the

microphysical sensitivity from the cloud top toward cloud base, which is strongly constrained by atmospheric temperatures.

(a)T, < 223K (b)223K = T, < 233K (€)233K £ T, < 243K (d)243K = T, < 253K
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Figure 1: The Z~logiovs diagram with the representative slopes (black lines) derived from PCA of HG-SPIDER observations. Ice
clouds were individually sampled separately across four atmospheric temperature ranges, each spanning 10 K. The representative
slope, correlation coefficient, and sample size are indicated. The black contour encloses approximately 90% of the samples, and
principal component analysis was conducted within this region to minimize the influence of outliers. Here, the joint PDF was
converted into probability mass (i.e., the probability within each bin) by multiplying by the bin area (4x:4y), enabling resolution-
independent interpretation.
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Based on Seiki et al. (2025), variation in the slope is explained aided with microphysical theory. For instance, in aggregation,
M does not change while D increases. Thus, the first term in the right-hand side of Eq. (6) is negligible, and consequently,

the slope is estimated as a fixed value as:

AZ, 60—10b

~ . 11
Alogiovg B (1
In vapor deposition, an increase in D attributes to only an increase in M since the number concentration N does not change.
Thus, the mass-diameter relationship (M o DP?) determines the microphysical sensitivity.

Given M = aD? with a coefficient «,

D AM _

w25 = b (12)
Thus, the slope is readily obtained as a constant as follows:

AZe _ _ 10b  60-10b _ 60
Alogiova B 5B (13)

In the upper troposphere, cloud microphysical processes of ice nucleation, aggregation, vapor deposition, sublimation, and
gravitational sedimentation dominate. With a focus on cloud systems in that particles grow downward as defined by Eqgs. (8-
10), ice nucleation and sublimation do not act a key role, and hence, the microphysical balance among aggregation, vapor
deposition, and gravitational sedimentation can be estimated. Based on Egs. (6), (11), and (13), relatively steeper slope
values exhibit in depositional growth mode compared aggregational growth mode. In this manner, the increase in the slope
toward cloud base (Fig. 1) is interpreted as the dominance of vapor deposition toward cloud base, related to abundant water
vapor mass concentration under warmer atmospheric conditions.

For the seasonal matching to the EarthCARE Level 2 products, the Z—logiovs diagrams obtained from January to March are
also shown in Figure 2. The slope values and correlation coefficients are found to strongly depend on sample number. In
particular, correlation coefficients between Z. and logiovs are small at atmospheric temperatures colder than 233 K.
Correspondingly, slope values in the temperature ranges are not reliable due to insufficient sample size.

The sufficient sample sizes were evaluated by varying the analysis period. Figure 3 shows the changes in sample sizes and
correlation coefficients over time. In general, required sample size differs depending on the temperature range, and the
statistical behaviors of Z. and logjovs becomes more unstable at colder temperatures. An analysis period of at least nine
months is necessary to establish a reliable relationship between Z. and logiovs for all temperature ranges. Specifically, the
required sample sizes are approximately 200,000 for 7, <223 K, 350,000 for 223 K < T, <233 K, 300,000 for 233 K< 7, <
243 K, and 100,000 for 243K < T, < 253K. Thus, in the EarthCARE analysis presented later, this study prioritizes matching
sample sizes over seasonal consistency.

The differences in the required sample sizes depending on the temperature range indicate that vertical air motion is not
negligible near the cloud top of thin cirrus clouds. It is known that strong vertical wind shear and radiative heating or cooling

in a thin cirrus layer induce instability in the cirrus layer; consequently, strong vertical air motion is frequently observed in
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cirrus clouds near the tropopause (e.g., Yamazaki and Miura, 2021). Since such cloud systems have fine-scale dynamical

structures, a larger sample size is required to smooth out the characteristics of individual cloud systems.
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Figure 2. The same as Fig. 1 except for the analysis period from January to March 2022.
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Figure 3. Evolution of the number of samples (color bars, right vertical axis) and correlation coefficients (color lines, left vertical
axis) across the four temperature ranges with increasing months of data collection.
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3 Known Error Sources and Their Impact on Analysis

This section describes three major known sources of error in the EarthCARE satellite observations. Other unknown error
sources are not addressed in this study, as it is difficult to quantify their contribution to the analysis. Mirror echo signals are
removed using the quality flag (fuimor). Ground clutter in the integrated radar reflectivity (Z.») is removed using the quality
flag (f-) and an empirical threshold based on the distance from surface elevation. In addition, this study analyzes cloudy
pixels with integrated radar reflectivity greater than -33 dBZ. These processing steps are described in detail in Appendix A.

The Level 2 and Level 1 products of CPR operated by JAXA (hereafter referred to as the JAXA L2 and L1 product) used in
this study is summarized in Table 1. The L2A/CPR_ECO/vBa product is available for the period from January 13 to March
13, 2025 and the L1B/CPR_NOM/vCa product is available for the period from January 1 to March 13, 2025. The JAXA L1

product was used for examining the noise level in the L2 product.

Table 1. Variables from the JAXA L2 product (L2A/CPR_ECO/vBa) and L1 product (L1B/CPR_NOM/vCa) used in this study.

Variable name in HDFS5 data Symbol used in this manuscript
L2A/CPR_ECO vBa

unfolded doppler velocity lkm Odm, 1km
unfolded doppler velocity 10km Vdm, 10km
unfolded doppler _velocity 1km bias_corr Odc, Ikm
unfolded doppler _velocity 10km_bias corr Odc, 10kem
integrated radar reflectivity 1km Zem, tkm
integrated radar reflectivity 10km Zem, 10km
surface _bin_number 1km nbste, 1km
surface_bin_number 10km nbsfe, 10km
surface_elevation him
integrated radar_reflectivity flag 1km Se
mirror_echo flag 1km Sirror
L1B/CPR_NOM/vCa

integrationNumberDoppler M,
rayHeaderLambda A
rayStatusPrf PRF
rayQualityFlag Jray

3.1 Zclogiova diagram from EarthCARE

Figure 4 shows the Z—logjovs diagram obtained using Zem, 1tm and v 1km in the JAXA L2 product in the same manner to the
reference analysis (Section 2b). The diagram is calculated from 30°N to 60°N to obtain the sufficient samples for the
analysis (cf. Fig. 3). Even without PCA, the dominant slope clearly deviates from that observed in ground-based Doppler
radar data. Furthermore, no distinct mode is observed, and the overall distribution seems rather diffuse and poorly defined. In

this study, we consider that the lack of a distinct mode in the joint PDF is primarily due to systematic errors associated with
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Doppler velocity measurements from satellite observations. In the following subsection, we evaluate how major known

errors affect the Z—logiovs analysis.

20 (a) T, < 223K 20 (b) 223K =T, < 233K 20 (€)233K =T, < 243K 20 (d)243K = T, < 253K
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Figure 4. The Z~logiovs diagram at various atmospheric temperature ranges in the midlatitude calculated from the EarthCARE
L2 product.

3.2 Integration length

In the Level 2 products, all physical quantities are provided in two versions, estimated separately using along-track
integration lengths of 1 km and 10 km. Doppler velocity is measured using the pulse-pair method (Kobayashi et al., 2002;
Hagihara et al., 2021), which evaluates the phase difference between two successive radar pulses (a pulse pair). In general,
random noise in measured Doppler velocities decreases by averaging multiple pulse pairs; consequently, the accuracy of the
Doppler velocity measurement is directly influenced by the pulse repetition frequency (PRF). Furthermore, residual random
noise can be reduced by horizontally averaging measured Doppler velocities, even if the PRF is not increased (Hagihara et
al., 2021; 2023). However, this post-processing also smooth outs fine-scale dynamical fluctuations. Ultimately, the mean
Doppler velocity is obtained by integrating measured Doppler velocities over longer along-track distances, although the
original integration length is approximately 500 m. It is important for users to carefully consider the choice of the integration
length, as this choice uniformly affects the analysis results.

In this sub-section, the analysis error associated with the smoothing effect at a horizontal scale ten times coarser than the
original is examined by temporally averaging the HG-SPIDER observations in the same manner as the CPR data (see Egs. 6-
10 in Hagihara et al., 2021). Considering a representative upper-tropospheric horizontal wind of 50 m s! over Japan during
the analysis period, the original temporal integration time of one minute corresponds to a horizontal distance of
approximately 3 km. Consequently, averaging 10 consecutive vertical profiles results in an effective horizontal integration

length of 30 km, which is hereafter referred to as the “pseudo-30 km integration mode”.
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Figure 5. The same as Fig. 1 except for the post-processing. The HG-SPIDER observations were smoothed as the pseudo-30 km
integration mode.

Figure 5 shows the Z—logiovs diagram obtained from the HG-SPIDER observations after applying the pseudo-30 km
integration mode. In general, fine-scale dynamical fluctuations, which contribute to increasing the variance of logiovgs, are
effectively suppressed by smoothing. As a result, the variances of both Z. and logiovs slight decrease with temporal
smoothing. However, the nonlinear relationship between Z, and vq(Egs. 1; 4-5), governed by cloud microphysical processes,
becomes less clear due to smoothing. Thus, correlation coefficient slightly decreases by the temporal smoothing (Figs. 1; 5).
In terms of evaluation of cloud microphysics, the slope can differ by at most 10% near the tropopause and 15% near the
cloud bottom. These differences in slope due to smoothing are much smaller than the differences between HG-SPIDER
observations and numerical simulation models (Seiki et al., 2025), and are therefore acceptable given the advantage of

reducing random noise in CPR observations.

3.3 Observation window

In the observational configuration, two observation windows are defined based on tropopause height, which varies with
latitude. A low mode is designed with an observation window ranging from -1 km to 16 km above sea level at latitudes north
of 60°N or south of 60°S, while a high mode is designed with an observation window ranging from -1 km to 20 km above
sea level at all other latitudes (Hagihara et al., 2021). Since a higher PRF is available in the low mode, radar signals in this
mode are less affected by random error. For instance, when Z. = -10 dBZ, the Doppler velocity has a random error of
approximately 2 m s”! in the 20 km mode, compared to approximately 1 m s™! in the 16 km mode. Thus, the Level 1 products
can effectively capture ice clouds near the tropopause using these two modes, but they are subject to different levels of
random error across latitude bands due to differences in PRF settings.

The difference between observation window modes also affects the analysis results. Note that Z. is less affected by random
error due to the nature of radar reflectivity measurements, and therefore, does not differ significantly between the two

observation window modes.
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This study examines the contribution of random error to the PCA by artificially adding Gaussian noise, y,window, With a
standard deviation of 1 m s™! and zero mean, to the Doppler velocity measured by HG-SPIDER as follows:

Va,20km = Va + Oy window> (14)
This operation is hereafter referred to as the pseudo-20 km observation window mode.

In the PCA of the Z—logiovs diagram, the sampling method that retains only the positive values of vg 0rm (Eq. 10) distorts
the probability density function (PDF) of random error. Figure 6 shows the difference between v, ;0sm, and v, before and
after sampling. It is evident that the PDF of the sampled v, 59k values is positively biased, with a mean of approximately

0.76 m s! and a median of around 0.7 m s’

0.6 J T T T

m— (Gaussian
0.5 === PDF(Aud)
= PDF(Aud) in cirrus

T

0.4

0.3}

0.2

Probability Density Function

0.1

T

-3 -2 -1 0 1 2 3

Ud20km — Vg [M s1]

Figure 6. Probability density function (PDF) of the difference between v 05, and vgy. The red line shows the PDF calculated for
all cloudy layers, the blue for the targeted cirrus layers, and the black line shows a reference Gaussian distribution with a standard
deviation of 1 m s! and no bias.
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To assess the influence of this noise in the Z.—logiows diagram, the effect of the nonlinear logarithmic transformation is

examined. Assuming small perturbations, the error propagates as:
1
logyo(vg + 5v,window)~ logyova + m 6v,window- (15)

This approximation shows that uncertainty in logio vz increases as vq decreases, resulting in greater spread toward the left of
the diagram. Moreover, because negative v, values are excluded, the lower tail of the logions distribution is truncated,
introducing a right-skewed bias (Fig. 6). This right-skewed bias is particularly pronounced in regions with small Z., where
vq also tends to be small (cf. Fig. 3). As a result, the lower-left portion of the diagram becomes more dispersed, leading to a
systematic steepening of the slope when the PCA is applied to the entire scatter distribution.

Figure 7 shows the Z.—logiovs diagram obtained from the HG-SPIDER observations under the pseudo 20 km observation
window mode. The additional random noise systematically increases the mode value of v, (Figs. 1; 7a-d), as mentioned
above. In addition, the slope becomes steeper compared to the original Z.-logiovs diagram as expected. Moreover, the
correlation coefficient decreases, indicating the slope values become less reliable. Although the pseudo-30 km integration
mode partially reduces the systematic bias in logiovs, the improvement in the slope is quite limited (Figs. 1; 7e-h). These
results indicate that the PCA is highly sensitive to large values of random error, particularly due to the nonlinear and
asymmetric nature of error propagation in the logarithmic domain.

The random error is known to increase as Z. decreases (e.g, Kobayashi et al., 2002), while this analysis assumes a constant
dispersion. Preliminary verification by Hagihara et al. (2021) indicated that the standard deviation of the random error
significantly increases as Z, falls below -15 dBZ. Therefore, it is difficult to obtain reliable slope for thin cirrus clouds using

the PCA because thin cirrus clouds near the tropopause typically have Z. values below -20 dBZ (c.f. Fig. 1a).

11
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Figure 7. The same as Fig. 1 except for the post-processing. Random error, following Gaussian distribution, was added to
measured Doppler velocity to emulate the 20 km observation window mode. Upper figures present the Z—logiovs diagrams with
the original integration mode and lower figures present Z—logiov. diagrams with the pseudo-30 km integration mode.

3.4 Antenna mispointing

It is known that even a very small change in the pointing angle significantly influences the estimated vertical motion due to
very high on-orbit satellite velocity and satellite height (Battaglia and Kollias, 2015; Scarsi et al., 2024). This error is
referred to as the antenna mispointing error d,mis. For instance, in case of CPR with the satellite velocity of approximately
7.6 km 57!, 8ymis ~ 0.5 m s is expected to be induced by only a 0.0057 ° of antenna mispointing (Scarsi et al., 2024). Thus,
the L1 products need to be revised to sufficiently correct this arising issue (Kollias et al., 2023).

In practice, degree of this error in the measured Doppler velocity can be indirectly estimated in reference to the measured
Doppler velocity at surface vam,s because vertical motion should be zero at surface (Kollias et al., 2023). After the launch,
this empirical correction successfully works to reduce the systematic error in the measured Doppler velocity. The JAXA L2
products of 1 km and 10 km integration modes were made after the correction process to the L1 product with the original
horizontal resolution. Minor error remains depending on seasons, latitudes, and topography (Puigdoménech Treserras et al.,
2025) since the CPR observations have not been sufficiently accumulated after the launch.

The plausible range of the uncertainties in CPR mispointing error was estimated with reference to the L2 product. In the L2
product, the mispointing error is corrected by subtracting the Doppler velocity at the surface bin g from the measured

Doppler velocity vgn, as follows:
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Udc = Uam — Uoffset> (16)
Uorrset~Vam,sfc» (17)
6v,mis = Voffset + A611,mis’ (18)

where vq. is the corrected Doppler velocity, Ady,mis is the residual of the correction, and v, is a correction offset obtained
from the surface bin (nby:). The offset values vgpe in the JAXA L2 product are determined so that the 100-km along track
moving average of the surface Doppler velocity v, src becomes zero. This exclude cases where strong cloud attenuation
occurs or where surface radar cross-section is close to saturation during the moving average calculation.

Figure 8 shows the horizontal distribution of the monthly mean voger for January 2025. The v, varies periodically with the
satellite’s orbit around the Earth, which is thought to result from slight deviations in the antenna pointing direction from its
original design, caused by solar heating of the CPR main reflector and surrounding components. This periodicity is
characterized by an increase in vog When the satellite passes over the sunlit hemisphere (i.e., at the descending node), and a
decrease when it passes over the night hemisphere (i.e., at the ascending node). Smooth latitudinal variations in v..: over the
ocean reasonably reflect antenna mispointing. In contrast, spotty and large vopme values over the land (e.g., the Amazon
Basin) are likely contaminated by additional noise due to inhomogeneous radar reflections from varying land surface

conditions. Therefore, Ad,, ;s is expected to vary depending on both latitude and land surface characteristics.

(c) Zonal Mean v,

{a) Descending Node (14:00 LT on Equator) (b) Ascending Node
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Figure 8. The offset values in (a) the descending node, (b) ascending node, and (c) their zonal mean values.

The corrected doppler velocities at the surface bin (v4) contain information about both the residual of the correction and
the baseline random error (cf., Section 3a and 3b). The behavior of the residual in January 2025 was examined by sorting
Vde, 1km s DY region and orbit direction (ascending or descending). For reference, Fig. 9 presents the PDF of v, 1im s derived
from the ascending node over the ocean between 30°S and the equator. In general, the PDF resembles a Gaussian
distribution with a mean close to zero. Hence, this study employs Gaussian fitting to the PDFs under the various conditions
to derive a representative range of residuals.

Note that the median of the PDF is slightly negative (Fig. 9) because vuc, s values above 3 m s are unfolded (Hagihara et
al., 2021). In addition, the tails of the PDF are wider than those of a Gaussian distribution (Fig. 9), indicating the presence of
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a significant number of outliers. Therefore, fitting a Gaussian distribution using the standard deviation of the PDF yields a
profile that significantly diverges from the original distribution.

Given the unfolded doppler velocities and the presence of outliers, the region around the median is assumed to be the most
reliable for Gaussian fitting. Accordingly, in this study, the standard deviation of the Gaussian distribution was estimated by
fitting a parabola to four consecutive bins centered around the median, utilizing the symmetry of the Gaussian distribution,
as follows:

PDF (Vac itam,sc) = GfieVic,irmisse + Cries (19)

1
it = J3mppr(0)

(20)
The standard deviation of the fitted Gaussian distribution (g5 = 0.82) is smaller than that of the original PDF (¢ = 1.1) (Fig.
9), indicating that the fitting captures the core structure of the original PDF while minimizing the influence of outliers.

To evaluate the Gaussian random error in the Doppler velocity observations by the EarthCARE satellite, this study considers
three major sources: (1) base errors originating from the intrinsic limitations of the instrument and perturbations in the
satellite platform attitude, (2) observation window mode—dependent errors, and (3) errors associated with the correction of
antenna mispointing. To decompose the total Gaussian error, the minimum error observed in the 16-km mode is assumed to
represent the base error o,. The difference between the minimum error in the 20-km mode and the base error is attributed to
the difference in the observation window mode oywindow. Any remaining regional variations are attributed to uncertainties in

the antenna mispointing correction o,,;s. Given that the three major sources are independent of each other, the variance of the

total Gaussian error (szit) can be expressed as the sum of the variances of the individual components:

2 _ 2 2 2
Gfit = O1km + Owindow + Omis> (21)

~ 1.1, 5, = 0.82
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Figure 9. The PDF (red solid line) of vdc,1xm,sr in the ascending node over the ocean from 30°S to the equator. The Gaussian fit
(black solid line) and a Gaussian distribution with the standard deviation derived from the PDF (black dashed line) are also shown.
The standard deviations of the PDF (o) and the fitted Gaussian (o) are indicated. Note that values of vac,km,sr above 3 m s are
automatically unfolded in the JAXA L2 product, resulting in a clear drop in the PDF at vac ikm,sfc = 3.

Figure 10a presents the standard deviation of the fitted Gaussian distribution for each region. In most regions, o5 does not
vary significantly between the ascending and descending nodes (Figure 10b), except in a few specific areas (e.g., interior
regions of China). Therefore, the ascending and descending nodes are not treated separately in the subsequent analysis. It is
evident that oy is larger between 60°S and 60°N, indicating that the 20-km observation window mode introduces greater
noise compared to the 16-km mode. Among the regions, g5 mostly ranges from 0.8 to 0.9 in the 20-km mode (60°S—60°N),
and from 0.4 to 0.6 in the 16-km mode (90°S—60°S and 60°N-90°N) (Fig. 10a).

The base error and the observation window mode-dependent error can be estimated from the engineering parameters of the
CPR (Hagihara et al., 2023). The standard deviation of their combined contribution, Umndom(= 0lem + Umz,indow), is given

by

22 1\2
Orandom = Ccor\]—l {(1 + S/_N) - pczor}a (22)

2
320 My por ()
where C., is a correction factor (set to Ceor = 1 in this study because the target is assumed to be stationary), 4 (= 3.1876 mm)

is the wavelength, M, is the number of pulse pairs within the integration length, PRF is the pulse repetition frequency, and

S/N is the signal-to-noise ratio. The correlation function p., is defined as

peor = exp {8 (Z22)} 23)
where g, (= 3.85 m s7') is the Doppler velocity spectrum width, which reflects the spread caused by the satellite’s motion.
In practice, we assume S/N = o (i.e., 1/(S/N) = 0) to derive the theoretical minimum, because surface signals may saturate
and reliable estimates cannot always be obtained, even though actual N/S is greater than 0. Abnormal pixels in the L1
product were excluded using the quality flag f..,, and the two neighboring footprints were averaged to match with 1 km
integration data in the L2 product.

Figure 10c shows the mean 6,uniom, calculated using engineering parameters of CPR L1b data for the same period as the
Level 2 product analysis. Its latitudinal distribution is similar to that of g4, with typical values from 0.7 to 0.8 for the 20 km
mode and around 0.4 for the 16 km mode. A comparison between oy, and 6,anaom further reveals anomalously small g, values
in some regions (e.g., India, eastern coastal China, and U. S. Gulf Coast). Areas where oy falls below 0.75 in the 20 km
mode, as well as those with large errors (g5 > 0.95 in the 20 km mode or oy > 0.65 in the 16 km mode), are excluded from
our analyses because the surface-reflected radar signals—and consequently the antenna mispointing error correction —are

considered unreliable there.
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Based on these estimates, the horizontal distribution of o, is derived using Eq. (21) (Figure 10d). In the 20 km mode, gis is
mostly less than 0.6, indicating that the uncertainty associated with the antenna mispointing error correction is smaller than
Orandom DUt still non-negligible. This influence can be reduced by selecting appropriate geographical regions. In particular, the
16 km mode (90°S—60°S) is highly advantageous for the present analysis, as it not only has smaller intrinsic Doppler

velocity errors but also exhibits lower uncertainty in the antenna mispointing error correction.

(b) o4, (descending node)

- 0 (ascending node)

——
60N 3
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WS'm gml—i./.“
0 60E 120E 180 120W 60W 0

-0.1 -0.07 -0.04 0.04 0.07 01

(c) o

random

60N

30N 1

EQ

308 1

60S

120 180 120w 60W 120 180 120w 60W

04 05 06 07 08 09 1.0 0.1 0.2 03 04 05 0.6

Figure 10. Horizontal distributions of (a) the standard deviation of the fitted Gaussian distribution (o7), (b) the difference in oy
between the descending and ascending nodes, (c) the random error estimate (6random) derived from CPR engineering parameters
(combining base error and observation window—mode error), and (d) the standard deviation of the residuals after the correction
for antenna mispointing errors. The standard deviations are calculated within each 10°x10° grid to ensure a sufficient number of
samples for Gaussian fitting.
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North of 60° N, however, the random error associated with antenna mispointing correction remains notably large, despite the
application of the 16 km mode (Fig. 10d). This elevated error can be attributed to two primary factors: anomalous surface
scattering properties and deficiencies in the digital elevation model (DEM). The current correction method assumes that the
surface Doppler velocity is zero, but this assumption breaks down over surfaces with exceptionally strong backscatter or
sloping terrain. For example, over sea ice in the Arctic Ocean or along the Antarctic coast, surface echoes occasionally
become strong; in such cases, the observed surface Doppler velocity tend to approach zero regardless of the actual pointing
error. This leads to large variability in voger, Which in turn increases o,;5. Similarly, unusually small oy values observed over
land may also reflect the breakdown of this assumption under anomalous scattering conditions. It should be noted that, in the
correction procedure, cases with such strong surface echoes are excluded before applying the moving average to the surface
Doppler velocity, so this effect is likely mitigated.

Another contributing factor is the lack of reliable topographic data in some polar regions, such as northern Greenland, within
the DEM. This is a critical limitation for antenna mispointing correction methods that utilize surface Doppler velocities, and
such inaccuracies also impair ground clutter detection. A preliminary announcement regarding this issue is available on the
JAXA website. Although these known problems are expected to be resolved in the next major product release, scheduled for
December 2025, they currently degrade the overall quality of the data analysis in this study. To mitigate their impact, regions

with large or unreliable gy, values have been excluded, as indicated by the mask shown in Figure 10d.

4 Revised Analysis Method

By taking into account the random error in the L2 product mentioned above, it was found that the PCA analysis proposed
based on ground-based Doppler radar observations suffers from significant error propagation caused by the logarithmic
transformation and positive-value sampling. To address this issue, this study introduces a more robust method to extract the
representative slope on the Z—logiovs diagram as an alternative to PCA. Specifically, for each Z. bin, we compute the median
of vg and then take its logarithm. Since the Doppler velocity contains significant random noise, especially after the logio
transformation, this procedure minimizes the bias caused by skewed noise propagation. The resultant set of points represents
the central tendency of the Z.—logiovg relationship, from which a robust slope can be derived. When estimating the slope, the
median values at each Z, are weighted according to the observation frequency of each Z, rather than being treated equally. In
the case of EarthCARE observations, an additional weight proportional to the inverse of the variance (i.e., a reliability
weight) is also applied, since the random noise in v, increases as Z. decreases (e.g., Hagihara et al., 2021).

In the initial approach, cloud layers were selected based on the condition that both the vertical gradients of Z. and logiovs
were positive between two adjacent levels (Egs. 8-10). However, such local gradients of logiovs are susceptible to random

noise and may not consistently represent physically meaningful structures. The apparent inconsistencies in the results
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obtained by the original analysis method (Fig. 3) are partly attributed to this sampling error. To address this, the sampling

410 criterion was revised to utilize only the vertical gradient of Z..
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Figure 11. Bin-integrated joint probability density functions (color contours) of Z. and v« derived from (top row) the original HG-
SPDIER observations, (middle row) HG-SPDIER observations with the prescribed Gaussian noise (¢ =1 m s), and (bottom row)

415 HG-SPIDER observations with the Gaussian noise under the pseudo-30 km integration mode. The black contour encloses
approximately 90% of the samples. The red line indicates the median vs in each Z. bin, and the error bars represent the 25" and
75 percentiles. The black lines denote the slope derived from PCA applied to the original HG-SPIDER observations.
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Figure 11 shows a comparison between the PCA-derived slope and the curve formed by connecting the median v, values for
420 each Z, bin. It is confirmed that the median-based curve closely follows the PCA-derived slope, even when the JPDF
becomes highly dispersed due to the added Gaussian noise. This behavior remains consistent regardless of the choice of the
integration mode. Even after the logarithmic transformation, the new method provides slope values consistent with those
derived the PCA across each atmospheric temperature (Fig. 12). However, when the random error is large, it becomes
difficult to accurately reproduce the slope values (Fig. 12). In particular, the tendency of the slope to increase with rising
425 atmospheric temperature is no longer captured. This inconsistency is not resolved even when using the pseudo-30 km mode
(not shown). This suggests that in regions with higher levels of random error (Section 3c), a larger sample size may be

required to obtain reliable slope estimates.
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430 Figure 12. Transition of slope values across the four different atmospheric temperature ranges. The black line shows valued
derived from PCA. Colored lines represent those obtained using the new method applied to HG-SPIDER data: red (original),
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green (with the prescribed Gaussian noise), blue (with the prescribed Gaussian noise under the pseudo-30 km mode), and magenta
(with stronger Gaussian noise, ¢ = 2).

5 Analysis using EarthCARE Satellite Observations
5.1 Data Processing

In the global analysis, this study focuses on cloud layers below 16 km altitude (approximately 100 hPa over the tropics),
since the definition of cirrus clouds in the growth mode becomes invalid due to the temperature inversion near the
tropopause. As the cirrus cloud fraction above 16 km is sufficiently small—less than 0.01 (Fig. 7 in Seiki and Nagao,
2024)—this sampling choice does not affect the conclusions. Atmospheric temperature and horizontal wind field from the
NCEP-FNL product were used, consistent with the analysis employing HG-SPIDER observations.

In global analyses, it is essential to account for the dependence of terminal fall velocities on atmospheric thermodynamic
conditions to accurately retrieve microphysical properties, because terminal velocities are sensitive to air density, which
affects aerodynamic drag. This dependence introduces spatial variability in Doppler velocity that is unrelated to
microphysical processes themselves. To mitigate this, a simplified correction scheme for ice particle terminal velocities,

originally proposed by Beard (1980), was employed:

Utref = Ut fvts (24)
e \/2
fvt - (Pa,ref) ’ (25)

where the reference atmospheric conditions are defined as pgror= 0.98 kg m=, T,,,.r= 273 K, and p,.r= 770 mb. Accordingly,

the Doppler velocity was corrected to the reference atmosphere by multiplying /p,~ /R ?T , for simplicity, where p is

atmospheric pressure and R is the specific gas constant for dry air.

Note that Eq. (24) is valid for ice particles with Reynolds numbers greater than 1000.0. However, small ice crystals in cirrus
clouds typically have Reynolds numbers in the range of 1 to 100, where the assumption may not strictly hold.

Figure 13 presents the annual and zonal mean values of the correction factor computed using the NCEP-FNL dataset. Even
at the same temperature level, the correction factor varies with latitude, indicating that the influence of thermodynamic
conditions on global Doppler velocity analyses is non-negligible. Accordingly, applying the correction factor helps reduce
this influence, allowing clearer interpretation of Doppler velocity variations due to shifts in dominant microphysical

processes.
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460 Figure 13. Annual and zonal mean values of the correction factor (\/p,~ ﬁ), computed using the NCEP-FNL dataset.

Atmospheric temperature is used as the vertical coordinate.

Figure 14 compares the PDFs of Doppler velocities across different temperature ranges. When the terminal velocity
correction is applied, the standard deviation decreases, which is a natural consequence of the overall reduction in terminal
465 velocity (as shown in Fig. 13). However, the coefficient of variation (CV) increases globally after applying the terminal
velocity correction, which may indicate enhanced regional contrasts in microphysical characteristics. Nevertheless, in low-
temperature regions near the tropopause where radar reflectivity is weak, the increased influence of noise (shown later) and
the reduction in mean Doppler velocity due to the correction may artificially elevate CV. Therefore, the apparent increase in

CV should be interpreted with caution, as it may reflect both physical and non-physical contributions.
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Figure 14. Probability density functions (PDFs) of Doppler velocities with (solid lines) and without (dashed lines) the correction,
shown across different temperature ranges. Each PDFs was calculated over 30°-wide latitudinal bands spanning from 90°S to
90°N. The coefficient of variation (CV) is also indicated.
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5.2 Global analysis

Joint probability density functions of Z, and vs; were analyzed in 30°-wide latitudinal bands to ensure a sufficient sample
number of cirrus clouds. Figure 15 presents the comparison of the joint PDFs in the Northern Hemisphere. It was found that
the joint PDFs from EarthCARE satellite observations are quite noisy, as was similarly seen in the HG-SPIDER observations

480 with the prescribed Gaussian noise (e.g., Figs. 11i-1). Additionally, the random noise increases as Z. (signal-to-noise ratio)
decreases. Nevertheless, the median-based curves successfully capture a moderate increase in Doppler velocity with
increasing Z., despite the large noise. Notably, the median-based curves are mostly parallel to those obtained from the HG-
SPIDER observations. These characteristics are consistently observed across all temperature ranges, indicating that the
revised analysis method proposed in Section 4 is effective.
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Figure 15. Same as Fig. 11 but for the EarthCARE satellite observations. The joint PDFs of Z. and vs are analyzed over 30°-wide
latitudinal bands from the Equator to the North Pole. The black lines denote the median-based curves from the HG-SPIDER
observations, which have been postprocessed using the density correction (Eqgs. 24-25).

In terms of quantitative evaluation, systematic differences in the median-based curves between the EarthCARE and HG-
SPIDER observations are evident. The discrepancy is approximately 0.3 m s! near the tropopause and gradually deceases
with decreasing altitude. This difference likely arises from the disparity in antenna pointing direction between the
EarthCARE CPR and HG-SPIDER, which may be attributed to (i) the difference between the gravitational vector and the
normal vector of the Earth’s surface, or (ii) a misalignment of the ground-based Doppler radar.

In Tokyo, the gravity vector is slightly tilted relative to the surface normal of the Earth's ellipsoid. According to historical
geodetic data from 1956 observed in Azabu, Tokyo, the deflection of the vertical in the east-west direction was
approximately —7.87 arcseconds (-0.0022 degrees) (Torao, 1956), meaning that the gravity vector is tilted slightly westward
compared to the ellipsoidal normal. Here, the ellipsoidal normal corresponds to the viewing direction of the EarthCARE
CPR, while the gravity vector corresponds to the pointing direction of the HG-SPIDER radar.

Figure 16 shows the annual mean vertical profile of the easterly wind component (U) and the associated Doppler velocity
error (Jq1) caused by a tilted angle of the pointing direction of the HG-SPIDER compared to the ellipsoidal normal (.,
defined as positive eastword). The error was estimated using the following relationship:

Otie = —Usinbyy, = —UBbyy;. (26)
The errors originating from the tilted gravity vector are found to be less than 1 cm s™!. Therefore, the westward tilt of the
gravity vector cannot account for the discrepancy observed in the median Doppler velocity curves (Fig. 15). We conclude
that the discrepancy most likely originates from a misalignment of the ground-based Doppler radar, estimated to be
approximately -0.7 degree. After applying this tilt correction, the median-based curve from the HG-SPIDER observations
shows excellent agreement with the EarthCARE satellite observations between 30° N and 60° N (Fig. 17): the differences
in median v, values at each Z. bin are mostly within 5 cm s across all four temperature ranges.

Note: The HG-SPIDER system has not undergone regular calibration for pointing angle since its installation. Such a degree

of misalignment is plausible due to long-term mechanical shifts in the radar container and frequent seismic activity in Japan.
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Figure 16. (a) The annual mean vertical profile of easterly wind (U) and (b) errors in Doppler velocity (J:x [cm s7]) due to tilted
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Figure 17. Same as Fig. 11, except for the HG-SPIDER observations with the antenna tilt correction applied (G = -

0.7°). The blue lines represent the slopes derived from the median-based curves. The black and red lines denote the

median-based curves from the original HG-SPIDER observations and the EarthCARE satellite observations between

30°N and 60°N, respectively. Doppler velocities have been postprocessed using the density correction (Eqs. 24-25).

Finally, the regional variation in the representative slope value is summarized in Figure 18. HG-SPIDER observations,

roughly adjusted to align with the EarthCARE satellite data, are also shown. The slope values from the EarthCARE
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observations between 30°N and 60°N are nearly identical to those derived from HG-SPIDER, demonstrating the robustness
of the revised analysis method, even when using Doppler velocity data with high noise levels.

In cirrus clouds, the slope values consistently increase with rising atmospheric temperature, indicating that temperature
sensitivity exceeds regional variability. Specifically, smaller slope values are observed at temperatures between 243 K and
253 K within the latitudinal bands from 30°S to the Equator, whereas larger values dominate at most atmospheric
temperature ranges south of 60°S. Based on the theoretical background of the Z.—logiovs relationship (Egs. 11-13), this
regional difference suggests that aggregation processes are more dominant in the tropical Southern Hemisphere, while vapor
deposition processes prevail in the Antarctic region.

To enable more detailed regional analyses, a longer observation period is needed to increase the sample size —for instance,
an annual dataset could allow a fourfold longitudinal segmentation. Furthermore, ground-based Doppler radars deployed
across diverse regions (e.g., networks such as Cloudnet; Illingworth et al., 2007; Radenz et al., 2021) can be cross-calibrated
using EarthCARE observations, similar to how ground-based weather radar networks were calibrated using the Tropical
Rainfall Measuring Mission (TRMM) and Global Precipitation Measurement (GPM) satellite observations (e.g., Anagnostou
et al., 2001; Warren et al., 2018; Louf et al., 2019; Louf and Protat, 2023). This cross-calibration will enable high-resolution

radar measurements with EarthCARE-equivalent accuracy.
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Figure 18. Same as Fig. 12, except for the EarthCARE observations. Colored lines indicate representative slope values calculated
from the median-based curve. The black line shows values derived from the HG-SPIDER observations with the antenna tilt
correction applied (6 = -0.7°).

6 Discussion

The method presented in this study assumes that the radar reflectivity factor (Z,) follows Rayleigh scattering (Eq. 1) in thin
cirrus clouds, and Mie scattering (Eq. 7) in the deeper portions of cirrostratus clouds, depending on particle size range.
However, it is challenging to determine whether the observed change in the representative slope originates from the
transition between Rayleigh and Mie scattering regimes, or from a shift in the dominant cloud microphysical processes.
Additionally, attenuation of radar signals in the deeper region of cirrostratus clouds is non-negligible when considering the

cause of changes in Z..
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These issues are mitigated when using radars with longer wavelengths, such as the Ku- or Ka-band radars onboard the GPM
satellite. In this wavelength range, Rayleigh scattering alone is generally sufficient to describe particle interactions, and
signal attenuation becomes negligible even in deeper cloud layers. Applying this method to EarthCARE—GPM coincident
observations (Aoki et al. 2025), as well as to the planned Ku-band Doppler precipitation radar under the Precipitation
Measuring Mission (Nakamura and Furukawa, 2023), offers the potential to capture particle growth deeper inside clouds in

future studies.

7 Summary

This study applies a method for identifying ice-particle growth in cirrus clouds to global satellite observations. The analysis

uses the ratio of the change in equivalent radar reflectivity factor (Z.) to the change in Doppler velocity (vs) on a common

o A T .
logarithmic scale — (Alogzev ), hereafter referred to as the slope —as a quantitative indicator of dominant cloud
10 Vd

microphysical processes in cirrus clouds. The objective is to derive the climatological characteristics of cirrus cloud growth
by statistically determining representative slope values across different temperature ranges.

A prior study defined the representative slope as the first principal component in the joint probability density function (joint
PDF) of Z. and logiovq (i.e., the Z—logiovs diagram), using Principal Component Analysis (PCA). However, this method was
found to be significantly affected by non-negligible random noise in Doppler velocity measurements from the EarthCARE
satellite. To evaluate the error factors, accurate in-situ ground-based Doppler radar observations at a single site and globally
distributed noise-prone satellite observations serve as complementary datasets.

This study investigated three major error sources: integration length, two types of observation window modes, and antenna
mispointing correction. The impact of integration length on PCA was found to be relatively small. In contrast, larger
observation windows and antenna mispointing correction introduces substantial random noise in vs. Additionally, the base-
level noise itself has a non-negligible standard deviation (e.g., up to 1.3 m s! of random noises is tolerated under mission
requirements, Wehr et al. 2023). Further degradation occurs due to error propagation in the logo transformation.

Given the inevitability of these errors, a revised analysis method is proposed: the random noise in vy is mitigated by taking
the median value of vs within each Z. bin of the joint PDF, followed by applying the logio transformation to the median. This
approach effectively suppresses the influence of random errors on the derived representative slope values.

Sensitivity analysis using ground-based radar data showed that the required sample size for obtaining reliable representative
slope values depends on the noise level. With three months of EarthCARE data, a latitudinal sampling width of 30° was
found sufficient for stable representative slope estimates.

Using the revised method, representative slope values obtained under the particularly noisy 20-km observation window
mode were found to closely match those derived from HG-SPIDER observations. This result also suggests that long-term

ground-based observations at a single site can reproduce Z.—logiovs diagrams of comparable quality to satellite data. As an
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additional outcome, the analysis indicates that antenna mispointing errors, which are usually difficult to calibrate in ground-
based Doppler radars, can potentially be corrected by reference to satellite observations.

A relationship between the representative slope and atmospheric temperature had already been identified at the ground site in
Koganei, Tokyo. EarthCARE’s global observations now demonstrate, for the first time, that this relationship is universal: the
representative slope increases systematically with temperature across all latitude bands. Regional differences in
representative slope values are minor, but still provide distinctive signatures of local microphysical processes.

Future work with extended observation periods will allow investigations of finer regional and seasonal variability, as well as

the role of environmental factors such as aerosols in modulating cirrus particle growth.

Appendix A Ground Clutter Removal and Z. Threshold

In the JAXA L2 product (L2A/CPR_ECO/vBa), ground clutter is flagged using the variable f... Nevertheless, contamination
by ground clutter remains in the product, even after postprocessing with the f.. quality flag.

Figure A1 shows the joint PDF of Z. and v, for cirrus clouds observed south of 60°S during January 2025 by EarthCARE. A
spurious mode appears at Z, values greater than 5 dBZ and |v, < 0.6 m s”'. Cloud layers with such strong radar reflectivity
should exhibit higher ice terminal velocities. Therefore, this spurious mode —centered around zero Doppler velocity—is
interpreted as ground clutter contamination.

These signals are particularly prevalent at altitudes below 500 m above the surface. To minimize ground clutter
contamination, this study excluded low-altitudes range bins from the analysis. Specifically, applying a threshold at 500 m
removes 95% of this ground clutter, 1000 m removes 98%, and 1500 m removes 99%. For safety, this study only analyzed
data from range bins above 1000 m.

In addition, Doppler velocities corresponding to Z. values below -33 dBZ are found to be very noisy due to low signal-to-
noise ratios, even though the minimum detectable Z, is -35 dBZ (Wehr et al., 2023). Therefore, this study further restricted
the analyzed to range bins with Z, = -33 dBZ.
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Figure Al. The joint PDF of Z. and v. for cirrus layers at temperatures between 243 K and 253 K, observed south of 60°S during
January 2025.
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