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Abstract: Exploiting their sensitivity to cloud droplets and small raindrops, Ka-band cloud radar
observations are used to investigate weak stratiform precipitation over Wuhan during cooling on
16-17 February 2022. During cooling, the surface temperature drops by about 8 °C with the lowest
value less than 0 °C because of the strong cold air from the north. The cold air lifts the warm
and humid air transported by the southeasterly and southwesterly winds, causing thick stratiform
clouds and persistent weak precipitation. The Ka-band radar captures the full process of stratiform
cloud occurrence; light rain and then mixed rain and snow; and the characteristics of clouds and
precipitation at each stage due to its fine sensitivity to small hydrometeors, whereas the reanalysis data
alone cannot capture the transition to the mixed rain and snow regime, which can cause dangerous
freezing rain or sleet on the ground. Hence, a detailed analysis of cooling and cold surges and their
hazards to society, and their reproduction in numerical predictions, needs to use high-sensitivity
radar data as much as possible.

Keywords: Ka-band radar; strong cooling; weak stratiform precipitation; atmospheric stability

1. Introduction

Clouds and precipitation are an important phase of the water cycle and critical to
understanding the radiation budget and regional and global climatic variabilities [1-3].
There are different types of atmospheric precipitation, which depend on the updraft,
water vapor supply, and macro and micro physical features of clouds. In terms of the
causes and forms of rising air movement, precipitation can generally be divided into
convective precipitation, topographic precipitation, typhoon precipitation, and frontal
precipitation [4-6]. When a front approaches, warm moist air climbs either actively or
passively; thus, water vapor condenses as the temperature of the rising air drops, leading
to cloud formation and precipitation. Frontal rain usually lasts for a longer duration
relative to convective rain, whereas its intensity is smaller compared with convective rain
because stratiform clouds formed during the frontal process have a slower rise [7,8]. When
stratiform clouds are thick, they can provide long collision distances for cloud droplets
and reduce evaporation from falling raindrops, which is conducive to the formation of
precipitation. Frontal precipitation and convective precipitation are two common forms of
precipitation in the middle and lower reaches of the Changjiang River in China.

Stratiform rainfall is one of the most frequent forms of precipitation in global weather
patterns [9-13]. In stratiform precipitation, there is an evident feature of a high-intensity
echo band that occurs below the 0 °C isotherm level, which is identified as the localized
maxima in the radar reflectivity factor [14-16], called the bright band. Thus, stratiform
precipitation is also referred to as bright band precipitation [17]. The bright band is at-
tributed to the variation in the scattering properties of precipitation particles due to the
melting of descending snowflakes and ices as they pass through the 0 °C level [10,15,18,19].
Since the dielectric constant of water is approximately five times that of ice [20,21], the

Remote Sens. 2023, 15, 5397. https:/ /doi.org/10.3390/1s15225397

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15225397
https://doi.org/10.3390/rs15225397
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs15225397
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15225397?type=check_update&version=1

Remote Sens. 2023, 15, 5397

2 of 20

dielectric constant of hydrometeors increases rapidly in the melting layer, while the rain-
drop concentrations decrease owing to the enhanced fall velocities of melting snowflakes
and ices toward the end of the melting process, causing the bright band in the reflectivity
factor [22,23]. In addition to the changes in reflectivity and fall speed, the depolarization
effect in the melting layer can be observed via polarization radar and lidar when non-
spherical snowflakes and ices melt into near-spherical raindrops [24-28]. Microphysical
processes in the melting layer, such as the melting, merging, falling, and breaking of hy-
drometeors, play an important role in exploring rainfall mechanisms and quantitatively
assessing rainfall [16,29,30]. Hence, the characteristics of bright bands and their impli-
cation in microphysical processes in the melting layer have been attracting considerable
attention from observational, theoretical, and modeling studies since the advent of radar
meteorology [22,31-33].

An S-band radar located in southern England observed the different vertical profiles
of reflectivity for two precipitation types. The bright band could not be observed in areas
of strong convection rainfall because of the intense vertical mixing of high-density graupel
or soft hail by convection, but could be observed in areas of stratiform precipitation [34].
Triple-wavelength Doppler radar measurements of rain showers showed that, in contrast
to the prevalent S-band radar bright band dominated by the Rayleigh dielectric scattering
effects, the bright band is intermittent in Ka-band radar observation and unsharp in W-
band radar measurement owing to the dominance of the non-Rayleigh scattering effect [35],
implying that the presence of the bright band is related to the radar wavelength. By
combining weather radar and millimeter wave radar observations, it was noted that as
the precipitation intensity increases from drizzle to heavy rainfall, the peak and thickness
of the bright band are enhanced, but its height descends [23,36]. Nevertheless, due to
the short operating wavelength, the millimeter-wave radar has a fine sensitivity to cloud
droplets and tiny raindrops, and can obtain the information of non-precipitation and weak-
precipitation cloud tops; thus, it is suitable for detecting microphysical processes in weak
precipitation where attenuation is much weaker than in heavy rainfall [36,37].

Cooling is a frequent event at mid-latitudes in the Northern Hemisphere from late
winter to early spring, which can result in serious threats to human health, agriculture
and transportation, and economic loss [38,39]. As strong cold events, cold surges, defined
generally as intense cooling that causes a temperature drop of more than 10 °C in 24 h with
a minimum temperature lower than 5 °C, showed a growing trend in the context of global
warming [40]. As cold northerly winds blow from high latitudes, the temperature drops
rapidly, followed by precipitation, and precipitation often transitions from rain to a variety
of ice-based forms, including sleet, snow, ice particles, and freezing rain. In this study, we
present a cooling process over Wuhan in winter, which leads to thick stratiform clouds and
light precipitation. Thus, this scenario is ideal for a Ka-band radar to capture the cloud
formation and precipitation processes. In the next section, the Ka-band radar and data used
are described briefly. In Section 3, the processes of cooling and precipitation are presented
by combining the radar and radiosonde observations and reanalysis data, and the features
of light rain and mixed rain and snow are discussed in detail. The atmospheric conditions
in stratiform precipitation are analyzed in Section 4. Section 5 provides a summary.

2. Radar and Data

The millimeter cloud radar (MMCR) is situated at the Atmospheric Remote Sensing
Observatory (ARSO) in Wuhan University (30.5°N, 114.4°E, 40 m above sea level). As an
inland megacity in central China, Wuhan City, located in the east of the Jianghan plain, is
dominated by a subtropical monsoon humid climate. In summer, rain and even rainstorms
frequently occur due to lots of water vapor transported by monsoons. In winter, because
of the inflow of cold air to the south, the temperature can evidently drop, and the cooling
process often leads to rain and snow.
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2.1. Ka-Band MMCR

The MMCR established by the ARSO of Wuhan University is a Ka-band dual-polarization
frequency-modulated continuous wave (FMCW) Doppler radar. The two transmitters with
a mean power of 50 W transmit mutually orthogonal polarized continuous-wave signals at
an operating frequency of 35.035 GHz through a 0.38° wide beam formed by a Cassegrain
antenna with a 1.5 m diameter, and echoes backscattered by cloud particles and raindrops
are received by the other same Cassegrain antenna. The two polarized echo signals are
sent to the corresponding signal processing systems, respectively, and then the parameters,
such as the reflectivity factor (Z), Doppler velocity (V), Doppler spectrum width (W), and
cross-correlation coefficient (pj,,,), are output.

In the condition of Rayleigh scattering, the radar equator can be written simply as
follows [41]:

P = ﬁz (1)
where P is the echo power due to the backscattering of the incident radar wave by hy-
drometeors; C is the radar constant, which is associated with the dielectric constant of
hydrometeors and radar parameters, such as transmitting power, operating wavelength,
antenna gain, and radar beam irradiation volume; R is the distance between the radar and
the scattering targets; and Z is the reflectivity factor in units of mm® m~3, which is generally
transformed to be in units of dBZ according to dBZ = 10 - 1gZ /1 mm~® m3, because of its
values in a large range spanning several orders of magnitude. The Doppler velocity is
retrieved from the Doppler frequency drift obtained by the fast Fourier transform (FFT) of
echo signals. The Doppler spectrum width represents the dispersion of the hydrometeor
velocities relative to their mean Doppler velocity; the cross-correlation coefficient represents
the similarity of polarized echo signals at two channels, and their expressions are presented
in early studies [42,43].

The Ka-band MMCR can switch between precipitation and non-precipitation obser-
vation modes. In the non-precipitation condition, the radar transmits a wide pulse of a
240 pm frequency-modulated continuous wave in each 250 pm, and in the processing of
echo signals, after performing coherent accumulation of two echo signals, FFT is carried out
on a time series of 512 data points to obtain the distribution of echo power in the frequency
domain; the corresponding maximum unambiguous velocity is 4.30 ms~!. However, in the
condition of precipitation, a narrow pulse of a 10 pm continuous wave is transmitted in
each 200 pm, and FFT is performed on a time series of 512 echo data points to calculate
the spectral distribution of echo power. In this case, the maximum unambiguous velocity
increases to 10.75 ms~!. The radar system has a maximum detectable distance of about
30 km and a sensitivity of —30 dBZ at the distance of 10 km.

The servo-mechanical subsystem can instruct the radar to work in directional ob-
servation mode or scanning observation mode. Owing to the advantages of continuous
transmission and reception, FMCW radar has an adjustable range resolution by modulating
and demodulating the continuous wave, and a far larger duty cycle relative to pulse radar,
leading to a higher temporal resolution in FMCW radar measurements. The Ka-Band
MMCR was deployed in December 2019, and the system calibration method is presented
in previous work [44].

In the present study, the vertically pointing observations of the Ka-band MMCR on
16-17 February 2022, with a vertical resolution of 30 m and a temporal resolution of about
0.104 (0.26) s in precipitation (non-precipitation), are used to analyze the weak precipitation
in Wuhan during a cooling process in winter.

2.2. ERAS5 Reanalysis Data

We analyze the atmospheric conditions by utilizing the temperature, wind field, spe-
cific humidity, and specific rainwater and snow-water contents in Wuhan during the same
period from the ERAS reanalysis of the European Centre for Medium-Range Weather Fore-
casts (ECMWEF), provided by the ECMWEF at the following website: https:/ /apps.ecmwf.int/
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data-catalogues/era5/?class=ea&stream=oper&expver=1&type=an&year=2022&month=feb&
levtype=ml (accessed on 13 November 2023). The reanalysis data are hourly instantaneous
analysis fields generated with a sequential 4D variational data assimilation scheme, with
a latitudinal and longitudinal grid of 1° x 1° at 137 pressure levels from the surface to
0.01 hPa [45].

2.3. Radiosonde Data

Radiosonde obtains many meteorological parameters by releasing balloons loaded
with sensors, which can help us understand the observed state of the atmosphere in this
study. The profiles of temperature, relative humidity, and horizontal winds from the ra-
diosonde data in Wuhan at 08:00 and 20:00 LT on 1618 February 2022 are downloaded from
the University of Wyoming at http://weather.uwyo.edu/cgi-bin/bufrraob.py?datetime=
2022-02-16%200:00:00&id=57494&type=TEXT:LIST (accessed on 13 November 2023). In
this paper, all data are analyzed in local time (LT).

3. Results
3.1. MMCR Observation during Cooling

Figure 1 shows the reflectivity factor and Doppler velocity (positive downward) from
the Ka-band MMCR observation from 12:00 on 16 to 24:00 on 17 February 2022, and
Figure 2 presents the evolution of the atmospheric temperature, specific humidity, and
specific rainwater and snow-water contents in Wuhan from the ERA5 reanalysis data in the
same period. The reanalysis shows that in the period, the temperature on the surface has
a maximum value of 7.7 °C at 15:00 on 16 February, and then monotonically decreases to
1.7 °C at 15:00 on 17 February, followed by 0 °C at 19:00 and —0.5 °C at 24:00, without a
diurnal cycle. The level of 0 °C falls gradually from the highest altitude of 0.88 km at 17:00
on 16 February to the ground at 19:00 on 17 February. Hence, there is a cooling process in
Wuhan during this period with a slightly weaker intensity than a cold surge.
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Figure 1. (a) Reflectivity factor and (b) Doppler velocity from MMCR observations between 12:00 on
16 February and 24:00 on 17 February 2022.
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Figure 2. (a) Temperature, (b) specific humidity, and (c) specific rainwater and (d) snow-water
contents from ERAD reanalysis data between 12:00 on 16 February and 24:00 on 17 February 2022.

Further, Figure 3 depicts the distribution of temperature and specific humidity at the
1000 hPa level at 15:00 on 16 February from ERAS5 reanalysis data. It can clearly be seen
that cooling air comes from the northwest, and there is abundant water vapor in the south
of Wuhan; in contrast, water vapor decreases rapidly in the north of Wuhan.
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Figure 3. Distribution of (a) temperature and (b) specific humidity at the 1000 hPa level at 15:00 on
16 February from ERAb5 reanalysis data. The black triangle represents the location of Wuhan.
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One can note from the reflectivity factor in Figure 1 that before 14:00 on 16 February,
there are some high-level cirrus clouds above 6 km, and at about 14:00, mid-level clouds
occur at a height of 3-4.5 km, whereas soon, rain falls to the ground at 14:58. The cloud top
increases slightly to 5.7 km at 22:00, and the clouds dissipate from 24:00 on 16 February
to 08:00 on 17 February with intermittent light rain. From 04:48 on 17 February, new
high-level clouds from above 6 km and develop downward, leading to intensified rainfalls
after 08:00 on 17 February. After 16:00, the ERA5 data indicate a strong reduction in the
specific humidity, as shown in Figure 2b, and the cloud height and reflectivity factor have
large fluctuations with time. Meanwhile, as the 0 °C level drops to an altitude of only
40 m at 18:00 in the reanalysis, the light rain is evolved into mixed rain and snow, and the
precipitation comes to an end at about 23:20 on 17 February.

With the 0 °C level descending during cooling, the melting layer bright band in
precipitation shows a clear decline from 0.84 km at 18:20 on 16 February to close to the
ground at 16:00 on 17 February. Crossing the bright band, the fall speed of raindrops
increases rapidly due to melting raindrop growth via collision and coalescence. In Figure 2,
the specific rainwater and snow-water contents in the reanalysis data show spatial and
temporal distributions that are consistent with those in the MMCR measurements before
18:00 on 17 February; nevertheless, the reanalysis cannot capture the mixed light rain and
snow in the MMCR observations from about 18:00 to 23:20.

3.2. Bright Band Features in Precipitation

To investigate the variational features of hydrometeors across the melting layer ob-
served by the Ka-band MMCR, we zoom in on the precipitation from 20:00 to 22:30 on
16 February, which is presented in Figure 4. One can note from Figure 4 that there are two
periods of relatively strong precipitation with a reflectivity factor larger than —5 dBZ. The
first and second periods last for about 5 min and 10 min, respectively. The environmental
variation in precipitation particle growth may cause the formation of fall streaks that can
be seen in radar measurements. Due to the presence of an atmospheric wind field, the
hydrometeors can drift horizontally during their fall; thus, their trails are generally slanted
in the height-time section from the radar observations. The slanted trails are referred to
as the fall streaks [23], which are clearly shown in Figure 4. For these two periods, we
use the solid black line to mark the central times (20:37 and 22:00 on the ground) at which
the reflectivity generally has the local maximal values, and then mark the time periods of
our attention with the dashed black lines. Although the streak slope can be affected by
horizontal wind and its shear, and the microphysical characteristics of hydrometeors (size,
density, and phase), the area designated by the dashed black lines is roughly consistent with
the one with relatively strong reflectivities, indicating a certain rationality and feasibility of
the chosen area. The radar observations in the vertical direction during the two periods are
marked by the corresponding purple vertical lines.

For the first period, we calculate the reflectivity factors averaged from 1, 2, and
5 min centered at the intermediate time (20:37 on the ground), which is shown in Figure 5,
together with the profile of the temperature from the radiosonde and reanalysis data at
20:00 on 16 February. There are some differences between the radiosonde and reanalysis
temperatures. Near the ground, the radiosonde temperature of 6.9 °C is 1.6 °C higher
than the reanalysis temperature of 5.3 °C, and the 0 °C level is at the height of 0.9 km
in the radiosonde observation but 0.8 km in the reanalysis data, indicating the influence
of rapid cooling on the accuracy of reanalysis temperature. Along the fall streaks, the
reflectivity in the bright band has the peak values of 1 min average 2.76 dBZ at 0.75 km,
2 min average 2.54 dBZ at 0.75 km, and 5 min average 1.60 dBZ at 0.78 km, showing
a slight dip in the bright band with the slight enhancement of light rain. The results
are consistent with previous reports that the bright band is about 0.1 km lower than the
0 °C level and displays an obvious dip as rainfall intensifies significantly [22,46]. Previous
observations and modeling studies reported that the maximum reflectivity of the bright
band (bright band peak) may be located at 0-0.9 km below the freezing level, which
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depends on latitude, season, geography, radar operating wavelength, and the type and
size of frozen hydrometeor particles [25,47-51]. It can be noted in Figure 5 that there is
a minimum reflectivity (dark valley) above the bright band. In previous weather radar
and millimeter wave radar observations, the dark valley was proposed to be caused by
the combination of ice particle aggregation and non-Rayleigh scatter effects [22,35,52,53].
In the 5 min average reflectivity, the dark valley at 0.99 km is 0.21 km higher but 6.03 dB
weaker than the bright band peak. In addition, compared with those along the fall streaks,
the reflectivities along the vertical direction show a weaker peak in the bright band, but a
larger increase in the melting layer, which can lead to the misconceptions of faster melting
of ice particles and more frequent collision—coalescence of raindrops in the melting layer.
Hence, in the presence of atmospheric wind, it is significant to infer the microphysical
processes in precipitation from the radar observations along the fall streaks instead of the
vertical direction.

Reflectivity Factor on Feb 16 dBZ

2.0 I 5
—~ , 0
€ 1.5F »
= I -
L 1.0
3 -10
< 0.5 ~15
0.0 L g L -20
20:00 20:30 21:00 21:30 22:00 22:30

LT (hour)

Figure 4. Zoomed-in reflectivity factor from 20:00 to 22:30 on 16 reflectivities. The two groups of
lines denote the two periods of our analysis with relatively strong reflectivity. The black lines are
marked along the fall streaks, and the purple lines are marked in the vertical direction. The two
dashed lines represent the time period, and the solid line denotes the intermediate time. The two
white lines marked at 20:26 and 22:26 denote the observation of 2 h.

Figure 6 depicts the Doppler velocity, Doppler spectrum width, and cross-correlation
coefficient averaged along the fall streaks from the MMCR observation for 5 min. It can
be seen from Figure 6 that with the phase transition of hydrometeors, the reflectivity
is strengthened mainly due to the increase in the dielectric constant from the melting
of ice to water in the melting layer, and then decreases with the reduction in raindrop
concentrations caused by the increasing fall speeds of raindrops; in this case, the bright
band is observed in the reflectivity factor. In the melting layers, due to the droplet spectrum
being broadened by the collision, coalescence, and even breakup of hydrometeors and
the effects of turbulence and wind shear, the Doppler spectrum width also increases
rapidly. As ice particles and snowflakes melt into raindrops, the Doppler velocity (spectrum
width) of hydrometeors increases rapidly from the minimal value of 1.61 (0.31) ms™! at
0.87 km to 4.89 (1.02) ms~! at 0.57 km, and the height of 0.87 km is slightly lower than
the 0.99 km of the dark valley, whereas the correlation coefficient displays a quick drop
from 0.94 at the dark valley to 0.88 at the bright band peak, followed by a process of
rapid growth and recovery. In the observation of S-band weather radar, the mean vertical
profile of the correlation coefficient constructed through a series of range-height indicator
(RHI) scans showed that the correlation coefficient decreases from about 0.91 to 0.84
after crossing the melting layer [54], and the correlation could drop to 0.85 for different
elevation angles [55]. Early studies suggested that the correlation coefficient is influenced
by mixed-phase hydrometeors, radar operating frequency, antenna elevation angles, and
beam broadening [46,55-57].
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Figure 5. (a) Profiles of temperature from (black) radiosonde and (blue) ERAS5 reanalysis data at
20:00 on 16 February and reflectivity factor averaged in (b) 1, (¢) 2, and (d) 5 min centered at 20:37
on ground. The black and purple curves denote the averaged value along the fall streaks and in the
vertical direction, respectively. The dotted black horizontal lines denote the heights of local minimum
and maximum reflectivities, respectively. In Panel (a), RS denotes the abbreviation of radiosonde,
and the black and blue horizontal dashed lines represent the heights of the 0 °C level in the RS and
ERADS reanalysis data, respectively.
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Figure 6. Profiles of (a) vertical velocity, (b) Doppler spectrum width, and (c) cross-correlation
coefficient averaged from 5 min centered at 20:37 on the ground. The dotted black horizontal lines
denote the heights of minimum and maximum reflectivities, respectively.

Similarly, for the second period centered at 22:00 on the ground, Figure 7 presents the
1, 5, and 10 min average reflectivities along the fall streaks and in the vertical direction,
respectively, together with the temperature at 22:00 from the reanalysis for reference.
Figure 8 illustrates the evolution of the Doppler velocity, spectrum width, and cross-
correlation coefficient averaged from 10 min along the fall streaks. The 0° level is located at
0.77 km from the ERA5 data. The bright band peak derived from 1 (5 and 10) min average
reflectivity is located at 0.69 (0.72 and 0.72) km with the value of 6.43 (5.58 and 4.36) dBZ,
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which is stronger than that in the first period; thus, the concentrations and/or sizes of
precipitation particles are slightly larger relative to those in the first period. Based on the
5 and 10 min average reflectivities, the dark valley is at 0.21 and 0.24 km above the bright
band peak, but its magnitude is about 9.0 and 8.72 dB smaller relative to the bright band
peak, respectively, whereas the reflectivity is enhanced by about 12.5 dB from the dark
valley to the bright band peak based on the observation in the vertical direction, indicating
quicker melting of hydrometeors, or a longer melting duration of larger snowflakes if the
melting is discussed from the vertical observation.

(a) 22:00 on Feb 16 (b) 1 min average
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= C — ERAS 1 [ ]
g 1.5 3 3 1.5 3 E
S 1.0F 1 10F S
= TEETTLE . " R 3
< osf : 1 osf e
T S T . T E ]
-4 -2 0 2 4 6 -10 =5 0 5 10
T (°C) Z (dB2)
(c) 5 min average (d) 10 min average
2.0F T T C | | —
€ C ]
X 1.5F "
o f :
< 05F 3

Z (dB2) Z (dB2)

Figure 7. (a) Profiles of temperature from ERA5 reanalysis data at 22:00 on 16 February and reflectivity
factor averaged in (b) 1, (c) 5, and (d) 10 min centered at 22:00 on the ground. The black and purple
curves denote the averaged value along the fall streaks and in the vertical direction, respectively. The
dotted black horizontal lines denote the heights of minimum and maximum reflectivities, respectively.
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Figure 8. Profiles of (a) vertical velocity, (b) Doppler spectrum width, and (c) cross-correlation
coefficient averaged from 10 min centered at 22:00 on the ground. The dotted black horizontal lines
denote the heights of minimum and maximum reflectivities, respectively.
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In Figure 8, the variations in the Doppler velocity, spectrum width, and correlation
coefficient around the melting layer are in good agreement with those in Figure 6. Never-
theless, owing to the larger reflectivity increment from the dark valley to the bright band
peak, these parameters show more significant changes compared with those in the first
period. Across the bright band, the fall velocity and Doppler spectrum width increase
by about 4.45 ms~! and 0.76 ms~!, being more than those of 3.28 ms~! and 0.71 ms~! in
Figure 6, respectively. The cross-correlation coefficient decreases to 0.83 at the bright band
peak from 0.95 at the dark valley, and the reduced intensity of 0.12 is larger than that of
0.06 in Figure 6.

For general consideration, we calculate the mean profiles of radar observations every
5 min from 20:26 to 22:26, shown with the two white lines in Figure 4. By determining
the bright band peak in each profile, we derived the average values in a bright band peak
coordinate (i.e., setting its height to be 0) from these profiles, and the results are presented
in Figures 9 and 10. Figure 9 illustrates that the mean dark valley is 0.24 km higher relative
to the bright band peak, with a magnitude of —9.95 dBZ, which is less than the —1.92 dBZ
magnitude of the bright band peak. In Figure 10, the fall velocity (spectrum width) of
rainfall particles shows a growth of about 3.52 (0.75) ms~! after crossing the bright band.
The correlation coefficient declines from 0.93 at the dark valley to 0.87 at the bright band
peak. These variational characteristics are similar to those in the two periods above; thus,
this analysis quantitatively exhibits the evolution of the Doppler velocity, spectrum width,
and correlation coefficient around the melting layer in precipitation during cooling, and
the features are more obvious with the enhancement of precipitation.

2 hr average
I

1.0 T 1 T 1 T |
go.s

()]

©

3

< 0.0

~0.5

—]Z ~8 —B =3 0

Figure 9. Profiles of reflectivity averaged from 20:26 to 22:26 in a bright band peak coordinate. The
height of the bright band peak is taken as 0, and the observation of 2 h is denoted by the two white
lines in Figure 4. The dotted black horizontal lines denote the heights of minimum and maximum
reflectivities, respectively.
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Figure 10. Profiles of (a) vertical velocity, (b) Doppler spectrum width, and (c) cross-correlation
coefficient averaged within 2 h in a bright band peak coordinate. The height of the bright band peak
is taken as 0, and the dotted black horizontal lines denote the heights of minimum and maximum
reflectivities, respectively.

3.3. Observation of Mixed Rain and Snow

As the surface temperature approaches the 0 °C level, the weak rain evolves into
mixed rain and snow after about 18:00 on 17 quantitatively. Here, we examine the Ka-band
MMCR observation of mixed rain and snow, and Figure 11 zooms in on the reflectivity
from 18:20 to 21:50 on 17 February. We analyze the relatively strong precipitation with a
reflectivity factor larger than —20 dBZ in the chosen two durations (as the third and fourth
periods). Both the two durations are 10 min, and their central times are 19:07 and 21:39
on the ground, respectively. In Figure 11, the reflectivities along the fall streaks and the
vertical direction are marked with black and purple lines, respectively.

Facto dBZ

Reflectivit

r on Feb 17

L8

g
o

[
T

T - -

Altitude (km)
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1

—=

19:00 20:00 21:00

Figure 11. Zoomed-in reflectivity factor from 18:20 to 22:50 on 17 February. The two groups of lines
denote the two periods of our analysis with relatively strong reflectivity. The black lines are marked
along the fall streaks, and the purple lines are marked in the vertical direction. The two dashed lines
represent the 10 min period, and the solid line denotes the intermediate time.

Figure 12 shows the 10 min average reflectivities along the fall streaks and the vertical
direction from the Ka-band MMCR observation in the two periods, as well as the profile of
the temperature from the radiosonde and reanalysis data at 20:00 on 17 February. In the
third period, as the height reduces, the reflectivity factor tends to decrease slowly along the
fall streaks, but to increase gradually in the vertical direction, whereas the reflectivity drops
quickly from about 0.5 km in the fourth period. There is not a bright band in the reflectivity
profile due to the surface temperature being close to 0 °C.



Remote Sens. 2023, 15, 5397

12 of 20

(o) 20:00 on 17 (b) 19:07 (c) 21:39
2.0 ||||| 2.0|||||||| 2’0||||||||
— RS
wms 15Dp — ERA5] 1.5t 7 1.5 1
S
o
S 1.0} 1 1.0} 1 1.0t ;
2
2
0.5 1 0.5} 1 0.5} .
1 praa | I | 111 1111
-6 -4 -2 0 -40 =20 0 =30 =200 =10
T (°6) Z (dBZ) Z (dBZ)

Figure 12. (a) Profiles of temperature from (black) radiosonde and (blue) ERAS5 reanalysis data at
20:00 on 17 February and reflectivity factor averaged from 10 min centered at (b) 19:07 and (c) 21:39 on
the ground. In Panel (a), RS denotes the abbreviation of radiosonde, and in panels (b,c), the black and
purple curves denote the averaged value along the fall streaks and the vertical direction, respectively.

Figures 13 and 14 present the Doppler velocity, Doppler spectrum width, and cross-
correlation coefficient averaged along the fall streaks in the third and fourth periods.
Relative to those in the first and second periods, the reflectivities are weaker in the third
and fourth periods; thus, the hydrometeors have smaller sizes and fall velocities. It can
be noted that from about 0.7 (0.6) km down to 0.5 (0.4) km in the third (fourth) period, the
Doppler spectrum width shows an obvious enlargement, but the correlation coefficient
evidently decreases by about 0.07 (0.06). The correlation reduction can be caused by the
enhanced irregularities and broadened size distributions of ices and snowflakes, and the fact
that ices and snowflakes are wetted and become spongy [58-60]. The correlation coefficient
may be less than 0.8 and even 0.6 in the wet snow for S-, C- and X-band radars [27,56,60-62].
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Figure 13. Profiles of (a) vertical velocity, (b) Doppler spectrum width, and (c) cross-correlation

coefficient averaged from 10 min centered at 19:07.
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Figure 14. Profiles of (a) vertical velocity, (b) Doppler spectrum width, and (c) cross-correlation
coefficient averaged from 10 min centered at 21:39.

4. Atmospheric Conditions

Here, we investigate the atmospheric conditions during cooling and weak precipitation
based on the radiosonde and reanalysis data. Figure 15 presents the temperature, zonal
wind (positive eastward), meridional wind (positive northward), specific humidity, and
relative humidity from the ground to 9 km at 20:00 on 16 February and at 8:00 on 17 and
18 February, and Figure 16 depicts the zonal, meridional, and vertical (in units of Pa s71,
positive downward) winds between 12:00 on 16 February and 24:00 on 17 February from
the reanalysis data. In Figure 15, the temperature, horizontal winds, and specific humidity
between the two data are approximately consistent with each other, whereas their profiles
are smoother in the reanalysis than in the radiosonde observation.

Figures 15 and 16 illustrate that in the zonal direction, the easterly is changed to the
westerly at about 2 km, while in the meridional direction, the northerly is reversed to be
the southerly at about 1 km. The frigid north wind from the ground to 1 km causes cooling,
and the surface temperature drops from about 7.3 °C at 20:00 on 16 February to 2.8 °C
at 08:00 on 17 February, and to —0.5 °C at 08:00 on 18 February. It can be noted from the
radiosonde observation at 20:00 on 16 February that the temperature lapse rate is 8.65 °C
km~! below 1 km, and decreases to 3.62 °C km ! at about 1-2 km with the reversal from
the northerly to the southerly. Furthermore, as the zonal wind is reversed at about 2 km, a
thermal inversion layer occurs around 2 km, and the temperature lapse rate is changed to
be 5.67 °C km ™! above 3 km. Accordingly, Figure 15d shows that the warm southeasterly
at about 1-2 km and southwesterly above 2 km is abundant in water vapor. Owing to the
uplift of the warm moist air by the cold air from the north, the relative humidity reaches
saturation at about 1 km. As shown in Figure 15e, the saturated water vapor nearly covers
the height range of 1-5 km, which is in good agreement with the MMCR measurement in
Figure 1 that the cloud top is located at about 5 km, and the precipitation occurs below
about 5 km at 20:00 on 16 February. The reanalysis data in Figure 16 indicate that there is a
downdraft at 3-6 km around 24:00 on 16 February, which is possibly responsible for the
cloud dissipation and rain abatement in the MMCR observation.

At 08:00 on 17 February, Figure 15 shows that the thermal inversion layer disappears,
causing the small vertical changes in temperature and specific humidity below 3 km, and
the water vapor reaches saturation from the ground up to 5 km in favor of the continuation
of precipitation. It can be seen from the reanalysis in Figure 16c that a strong downdraft
arises after 18:00 on 17 February, implying strong cloud dissipation; thus, the reanalysis
specific rain water and specific snow water contents approach zero from the ground to
the high levels, as shown in Figure 2. However, in Figure 1, the MMCR observes clouds
and light precipitation with clear fall streaks. This discrepancy illustrates the difficulty
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of the reanalysis to accurately capture the vertical winds, relative to the relatively stable
horizontal wind field.
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Figure 15. Profiles of (a) temperature, (b) zonal wind, (¢) meridional wind, (d) specific humidity, and
(e) relative humidity at 20:00 on 16 February from (black) radiosonde and (blue) ERAS reanalysis data,
and (f—j) and (k-o) are the same as (a—e) but for at 8:00 on 17 February and at 8:00 on 18 February,
respectively. The dashed red line is marked at the zero wind speed in the second and third columns
and at the relative humidity of 100% in the fifth column. In Panel (a), RS denotes the abbreviation
of radiosonde.
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Figure 16. (a) Zonal wind, (b) meridional wind, and (c) vertical wind from ERA5 reanalysis data
between 12:00 on 16 February and 24:00 on 17 February 2022.

At 8:00 on 18 February, the temperature near the ground is below 0 °C, and the specific
humidity decreases obviously; meanwhile, the relative humidity is less than 90%, meaning
that the precipitation has stopped.

Finally, to assess the stability of the atmosphere during cooling, we derive the buoyant
frequency squared (N?) and Richardson number (Ri) from the ERA5 reanalysis data, which
are depicted in Figure 17. Owing to the large lapse rate by the cold air from the north,
there is a thin layer over the ground with a low buoyancy frequency (N> <1 x 1074 s72).
As we expected, the atmosphere shows fine stability in cooling and precipitation because
of the large-scale uplift caused by the encounter of cold and warm air masses. From the
near surface to high altitudes, the Richardson number is larger than one except for a quite
shallow layer close to the ground. Hence, there are no conditions for convective bubble
generation, which is different from convective precipitation with the occurrence of intense
atmospheric instability.
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Figure 17. (a) Buoyant frequency squared and (b) Richardson number derived from ERA5 reanalysis
data between 12:00 on 16 February and 24:00 on 17 February 2022.

5. Summary

In this paper, we study the stratiform precipitation during cooling on 16-17 February
2022 based on a Ka-band MMCR's observation in Wuhan combined with ERA5 reanal-
ysis and radiosonde data, and discuss the characteristics of the melting layer and the
atmospheric conditions in the stratiform precipitation.

The reanalysis and radiosonde data show that the temperature on the surface drops
by about 8 °C, with the lowest value less than 0 °C, in the two days because of the
strong cold air from the north, meaning that the cooling is close to a cold surge, and the
0 °C level falls gradually from the highest altitude of 0.88 km to the ground at 19:00 on
17 February. Above the cold northeasterly wind, there is the warm and humid air from
the southeast and southwest, which is lifted by the cold air; thus, the cooling is beneficial
to stratiform cloud formation and sustained light precipitation. The radar observation
indicates that mid-level clouds arise at 3-4.5 km at about 14:00 on 16 February, and an hour
later, light rain falls to the ground. Subsequently, the clouds gradually develop upward
and the weak precipitation continues with reflectivities of about —15-5 dBZ. From 24:00 on
16 February to 08:00 on 17 February, the mid- and high-level clouds dissipate with intermit-
tent precipitation possibly due to the downdraft over 3 km shown in the reanalysis. After
this, with the occurrence and downward evolution of new high-level clouds, the precipita-
tion continues until about 23:20 on 17 February. Nevertheless, the light rain is changed to
sleet and light snow from about 18:00 as the temperature on the ground gradually drops
below 0 °C. Before 18:00 on 17 February, the spatial and temporal distributions of specific
rainwater and snow-water contents in the reanalysis data are in good agreement with those
in the MMCR observations, whereas the reanalysis cannot capture the mixed light rain and
snow after 18:00 since there is a strong downdraft from near the ground to about 4 km in
the reanalysis.
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As the 0 °C level descends, the bright band drops gradually. The peak of the bright
band is about 0.1 km lower than the 0 °C level in the weak precipitation and shows a slight
dip with the intensification of precipitation, and there is a dark valley with the minimal
reflectivity located about 0.21-0.24 km above the bright band peak. Across the bright band,
the Doppler velocity and spectrum width of rainfall particles increases significantly. For
the chosen 5 and 10 min averages in the two periods, the reflectivity is enhanced by about
6.03 and 8.72 dB from the dark valley to the bright band peak, respectively. Accordingly,
across the bright band, the Doppler velocity (spectrum width) of hydrometeors increases
by 3.28 (0.71) ms ! and 4.45 (0.76) ms~ !, while the cross-correlation coefficient decreases
from 0.94 (0.95) to 0.88 (0.83), respectively. As the surface temperature approaches the 0 °C
level, the light rain evolves into mixed rain and snow, and the bright band disappears in
the profile of reflectivity. Nevertheless, due to the enlargement of the Doppler spectrum
width of falling hydrometeors, the cross-correlation coefficient evidently decreases by about
0.07 (0.06). In the stratiform precipitation during cooling, the atmospheric stability is fine
due to the lifting of warm air. In addition, the analysis indicates that it is significant to
investigate the melting process along the fall streaks in the presence of strong wind shear
because the melting may be overestimated from the vertical perspective.

Finally, it is important to note that the reanalysis data alone cannot capture the transi-
tion to the mixed rain and snow regime on the ground; however, at this time, dangerous
freezing rain or sleet could occur on the surface. In this way, only relying on reanalysis data
(and potentially also on outputs from atmospheric models that only assimilate reanalysis
data without high-resolution cloud radar measurements directly) will not be sufficient to
investigate the full scope of hazards posed by cold surges or the conditions under which
they occur. Therefore, a detailed analysis of cold surges and their impact on society will
probably need to include an investigation of high-resolution and high-sensitivity radar
data that can capture the full spectrum of relevant microphysical processes in clouds
and precipitation.
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