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Highlights

What are the main findings?

e Ice clouds at both sites exhibit pronounced diurnal and seasonal variability, with
substantial regional differences in their physical characteristics and radiative impacts,
as revealed by long-term, high-resolution radar observations.

e Longwave radiation dominates the net radiative forcing of ice clouds at the top of the
atmosphere at both sites, leading to atmospheric heating within and beneath cloud
layers, while ice clouds substantially reduce surface net radiation, resulting in an
overall cooling effect.

What are the implications of the main findings?

e Ice cloud radiative effects show strong diurnal variability driven by daily changes
in cloud occurrence and physical properties, highlighting a critical but previously
underexplored diurnal influence on cloud-radiation interactions.

e  This study characterizes midlatitude ice cloud physical and radiative properties across
multiple timescales, providing observational constraints for improving ice cloud
parameterizations and more accurately assessing cloud-radiation interactions in mid-
latitude climate systems.

Abstract

Ice clouds play a significant role in the Earth’s radiation balance due to their unique micro-
physical and radiative properties, which vary with formation mechanisms and regions and
influence the local energy budget. In this study, six years of Ka-band Zenith Radar (KAZR)
observations from the Semi-Arid Climate and Environment Observatory of Lanzhou Uni-
versity (SACOL) and the Southern Great Plains (SGP) sites, combined with the Fu-Liou
radiative transfer model, were used to examine the macrophysical and microphysical
properties of ice clouds, their radiative effects, and contributions to the surface energy
budget. The results show that the frequency of ice cloud occurrence at SACOL is 40%,
significantly higher than the 27% observed at SGP. At both sites, ice cloud altitudes exhibit
an increasing trend in the context of recent warming, with a more pronounced increase
at SGP. Seasonal variations are evident, with spring characterized by relatively thick and
widespread ice clouds, while summer is dominated by high-altitude, optically thin clouds.
Ice cloud occurrence peaks at night and decreases during the day at both sites; however,
cloud diurnal variations in summer are much greater at SGP than at SACOL. Radiative
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analysis indicates that longwave radiation-induced warming dominates ice cloud radiative
forcing. Net radiative forcing at the top of the atmosphere is 6.08 W/m? at SACOL and
3.06 W/m? at SGP, contributing to atmospheric heating within and beneath cloud layers.
At the surface, sensible heat dominates the energy budget at SACOL (over 63%) due to
its arid climate, whereas latent heat dominates at SGP (about 67%) because of abundant
moisture; and ice clouds have the greatest impact in winter, reducing surface net radiation
by 29% at SACOL and 26% at SGP, producing a cooling effect.

Keywords: ice clouds; cloud properties; KAZR; radiative forcing

1. Introduction

About 20-30% of the Earth’s surface is covered by ice clouds, which are mostly made
up of microscopic ice crystals with irregular shapes and are mostly created in the upper
troposphere [1-3]. Compared to low-level water clouds, ice clouds have a small optical
thickness, which allows more shortwave solar radiation to penetrate and reach the surface,
thereby weakening the albedo effect. Meanwhile, due to their higher altitude, ice clouds
emit infrared radiation at lower temperatures, which reduces the outgoing longwave
radiation from the Earth-atmosphere system and enhances the greenhouse effect [4-7].
Matus and L'Ecuyer [8] reported that, on a global scale, ice clouds contribute a net radiative
forcing of up to 3.5 W/m?, indicating a substantial warming effect on the Earth-atmosphere
system. This highlights the importance of ice clouds in shaping the global radiative
energy balance and underscores the need for detailed investigation into their characteristics
and impacts.

Due to varying meteorological conditions across different regions, the formation mech-
anisms of ice clouds differ, resulting in significant variations in their physical properties. In
tropical areas, ice clouds are primarily formed by airflows released from the tops of deep
convective cumulonimbus clouds. Most of these clouds are located at the tops of convective
systems, where their greenhouse effect often surpasses the albedo effect, leading to a net
warming of the surface-atmosphere system. Studies have shown that ice clouds over the
western Pacific can increase atmospheric temperatures near 110 hPa by approximately
1.3 K [9]. In mid-latitude regions, the occurrence frequency of ice clouds is second only
to that in the tropics [2,10,11]. However, ice cloud occurrence varies considerably across
midlatitude regions due to differences in topography and climate. Due to frequent storm ac-
tivities, mid-latitude ice clouds mainly originate from the release of deep convective cloud
systems and ice nucleation processes within atmospheric circulation [2,12]. According to De
et al. [13], the effective diameter of ice crystals in mid-latitude ice clouds is smaller, with a
median of about 165 pm, compared to 210 pm in high-latitude ice clouds, a difference likely
due to higher aerosol loading and more active convection in the mid-latitudes. Kramer
et al. [14] found that globally, tropical regions exhibited the highest ice crystal number
concentrations among cirrus clouds (up to 0.074 cm~3), followed by mid-latitude and polar
regions. Beyond regional differences, ice cloud properties also exhibit significant seasonal
and diurnal variability. Studies by Feofilov et al. [15] and Zhao et al. [16] showed that ice
cloud coverage is more extensive over mid-latitude land in winter, while in the tropics,
it peaks in summer and autumn. Ice clouds are also more prevalent at night than during
the day, with substantial amplitude differences. Gouveia et al. [17] observed that in the
low-latitude Amazon, the frequency of ice cloud occurrence reaches a minimum at noon
and a maximum in the evening. Wang et al. [18] reported that ice clouds in the mid-latitude
region are more likely to occur at night, with a maximum frequency of 48% at midnight
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compared to 35% at noon. These findings highlight the complex and diverse spatiotemporal
variations in ice cloud physical properties, which pose challenges to accurately representing
ice cloud processes in climate model parameterizations. Therefore, utilizing long-term and
reliable observations to analyze the occurrence and evolution of ice cloud physical prop-
erties is crucial for improving the parameterization schemes in climate models, reducing
model uncertainties, and advancing our understanding of ice cloud radiative feedback
mechanisms. However, the limitation in observational capabilities has resulted in a scarcity
of long-term cloud observation, especially high-temporal resolution datasets required to
examine the diurnal variability of cloud properties.

With continuous advancements in detection technologies, remote sensing and ground-
based observations have gradually become essential tools for cloud monitoring. However,
most passive satellite retrieval products may partially miss thin cirrus clouds [19], especially
if they overlap mid- and low-cloud layers. Ka-band millimeter-wave cloud radars (KAZR)
have demonstrated distinct advantages in ice cloud observation due to their superior
detection capabilities. KAZR is capable of penetrating low-level liquid clouds to detect
high-altitude ice clouds, accurately capturing the vertical structure of multilayer cloud
systems. It can also effectively identify small cloud particles and light precipitation phenom-
ena. In addition, KAZR provides ultra-high temporal resolution measurements, offering
a solid observational foundation for accurately identifying ice clouds and investigating
their macrophysical and microphysical properties across multiple temporal scales [20]. In
January 2011, the Southern Great Plains (SGP) site in the United States deployed the KAZR
cloud radar, enhancing the active remote sensing products of the Atmospheric Radiation
Measurement (ARM) program. Similarly, in July 2013, the Semi-Arid Climate and Envi-
ronment Observatory of Lanzhou University (SACOL) in China installed a KAZR system
with the same operating frequency and comparable performance characteristics as the one
at the SGP site. Although both sites are located in the same mid-latitude of the Northern
Hemisphere, they exhibit significant differences in terrain elevation and meteorological
conditions. The SACOL site lies east of the Kunlun Mountains and south of the Gobi Desert.
This semi-arid region is characterized by limited moisture availability and is influenced
by midlatitude storm tracks and complex terrain-induced circulation. And the SGP site is
located in the Southern Great Plains of the United States, characterized by relatively flat
terrain. Moreover, both KAZR systems have accumulated long-term, high-resolution, high-
quality observational datasets, providing favorable conditions for studying the properties
of ice clouds under different meteorological backgrounds in mid-latitude regions.

This study utilizes high temporal and spatial resolution KAZR observations from
the SACOL and SGP sites during the period 2014-2019. Based on the identification of ice
cloud profiles and the retrieval of their microphysical properties at the SACOL site, we
conduct a comparative analysis of the interannual, seasonal, and diurnal variations in the
macrophysical and microphysical characteristics of ice clouds at both sites. In addition,
combining with a radiative transfer model, we calculate and assess the radiative forcing
and heating rates induced by ice clouds at the two locations, as well as their contributions to
the surface energy budget. The structure of the manuscript is arranged as follows: Section 2
describes the datasets, models, and methodology; Section 3 presents the results, including
the temporal and seasonal variations in ice cloud macrophysical and microphysical, and
radiative properties at both sites; and Section 4 provides a discussion and summarizes the
main conclusions.
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2. Materials and Methods
2.1. KAZR Cloud Radar Observation Data

The KAZR deployed at the SACOL and SGP sites are advanced zenith-pointing
Doppler radar systems operating at a frequency of 35 GHz [21,22]. Compared to lidar sys-
tems, KAZR exhibits significantly lower signal attenuation under precipitation conditions,
enabling it to penetrate thick cloud layers and light precipitation to detect high-altitude
clouds. KAZR operates in a unique dual-polarization mode (burst and chirp), simultane-
ously receiving horizontally and vertically polarized signals. This study primarily relies
on data obtained from the “chirp” mode, which maximizes transmitted energy, thereby
extending its detection range and improving both sensitivity and resolution for accurately
identifying high-altitude ice clouds. Both the SACOL radar and the SGP KAZR have a
vertical spatial resolution of 30 m. At SACOL, the radar detects 583 vertical levels above
150 m with a temporal resolution of 4.27 s, while at SGP, it captures 596 levels above 160 m
with a 4.0 s resolution. Despite minor differences in radar configuration and detection
precision between the two sites, these remain sufficient for the effective comparison of ice
cloud properties based on their respective KAZR observations.

This study selects six years from 2014 to 2019, during which both sites maintained
relatively continuous and complete cloud radar records, to conduct a comparative analysis
of the macrophysical and microphysical properties of ice clouds. Figure 1 presents the
monthly distribution of valid observation days from the cloud radars at both sites during
this period. It is necessary to note that data from SACOL in August 2017 and from SGP
between November 2015 and April 2016 were excluded from the analysis due to equipment
malfunctions that resulted in fewer than 10 days of valid data per month.

(a)
2014 | 27 26
30-31
2015| 25 28
25-30
2017
2018
2019 20-25
—
0] 1
()]
- (b)
2014. 23 | . 28 | 26 |25 25 25 19 21 | 28 | 27 15-20
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2017| 22 25 28 27 24 25 19 27 22 21 28 26

2018 | 28 26 27 23 . 25 26 . 26 18 29
0-10
2019 . 25 27 28 26 26 22 27 23 23 26
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Figure 1. Monthly number of valid ice cloud observation days at the SACOL site (a) and the SGP site
(b) from 2014 to 2019. Unit: day.
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2.2. CERES Satellite Data

This study primarily utilizes instantaneous short and long-wave fluxes at top-of-
atmosphere (TOA) observed by the Clouds and the Earth’s Radiant Energy System (CERES)
instruments aboard the Aqua and Terra polar-orbiting satellites for radiation closure ex-
periments. The CERES Single Scanner Footprint (SSF) Edition 4A (Ed4A) product, which
provides these flux measurements together with relevant ancillary information, serves as
the primary dataset for the analysis. Additionally, observed broadband surface albedo data
from SSF Ed4A are also used as key input parameters for the radiative transfer model.

2.3. ERAb Reanalysis Data

This study primarily employs hourly atmospheric vertical profile parameters from
the ERAS reanalysis dataset, including pressure, temperature, water vapor, and ozone,
which are used as inputs to the radiative transfer model for calculating radiative fluxes
and heating rates under both clear-sky and all-sky conditions. In addition, surface latent
heat flux, sensible heat flux, and net radiation flux are utilized to analyze the surface
energy budget contributions. The data have a horizontal resolution of 31 km x 31 km,
with 137 vertical levels extending from the surface to approximately 80 km, and a temporal
resolution of one hour [23,24].

2.4. Fu-Liou Radiative Transfer Model

The Fu-Liou radiative transfer model was developed by Professors Qiang Fu and Kuo-
Nan Liou in the 1990s [25,26], which is capable of calculating shortwave (SW) and longwave
(LW) radiative fluxes as well as atmospheric radiative heating rates. The model offers both
the delta-two-stream and four-stream approximation schemes for SW and employs the cor-
related k-distribution method to treat gaseous absorption for LW. In the Fu-Liou radiative
transfer model, ice-cloud optical properties are parameterized with consideration of the
non-spherical characteristics of ice crystals. The model internally converts ice water content
and generalized effective diameter into extinction coefficient, single-scattering albedo,
and asymmetry factor using the built-in ice-cloud optical property parameterization. The
Fu-Liou model has been routinely applied at NASA Langley Research Center for retrieving
satellite-observed radiative fluxes. In this study, the model inputs parameters include the
atmospheric profiles of temperature, pressure, water vapor and ozone derived from the
ERADS reanalysis dataset, surface albedo from CERES products, and ice cloud microphysical
properties are retrieved from KAZR cloud radar observations. The vertical discretization of
cloud properties follows the model pressure levels. Radar-derived vertical profiles with
30 m resolution were re-gridded to the model pressure layers through interpolation.

2.5. Retrieval of Ice Cloud Microphysical Properties

For the SACOL site, we use cloud profiles from KAZR and atmospheric profiles from
ERADS reanalysis data to identify the ice cloud and retrieve the microphysical property. The
ice cloud identification was performed following the method proposed by Mace et al. [27].
A cloud was classified as an ice cloud if the cloud top temperature was below —30 °C, and
both the temperature at the height of the maximum radar reflectivity factor within the
cloud layer and the cloud base temperature were below 0 °C. After identifying ice clouds,
Ice Water Content (IWC) and Particle Effective Diameter (Dge) were retrieved. According
to the evaluation of different retrieval methods for IWC and Dg, in the semi-arid region
by Xin et al. [28], the Z-IWC-T relationship algorithm proposed by Hogan et al. [29] was
used to calculate ice water content, and the traditional algorithm proposed by Fu [30] was
applied to calculate the effective particle diameter. The retrieval formulas are as follows:

10g,,IWC = 0.06 X Ze — 0.0212 x T — 1.92 (1)
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Dge = 192 x IWC"33! 2)

Here, equivalent reflectivity Z, = 10(4B2/10) (

dBZ is the radar reflectance factor), and
T is the temperature.

For the SGP site, the ARM program provides products of ice cloud microphysical
properties, which employs the Z-IWC relationship algorithm [31] and a temperature-
dependent particle effective diameter algorithm [32] for the retrieval of IWC and Dge. The

accuracy of data products at SGP has been evaluated by Jensen M. and Jensen K. [33].

2.6. Cloud Radiative Forcing and Heating Rate

Cloud radiative forcing (CRF) is the difference in net radiative flux between all-sky
and clear-sky conditions [34]. We use the Fu-Liou radiative transfer model to calculate
radiative fluxes combined with ice cloud occurrence frequency to derive the radiative effect
of ice clouds [35]. The calculation formula is as follows:

CRFgy =1 x (TSY — T&k) 3
CRFLy =1 x (TR - T ) (4)
CRFyet = CRFgyy + CRFpyy (5)

Here, CRFsy, CRFry, and CRFne; represent the cloud shortwave, longwave, and net
cloud radiative forcing, respectively; 1 denotes the cloud occurrence frequency within a
given period; T°V and T represent the net radiative fluxes under cloudy-sky conditions
(only when ice clouds are present) and clear-sky conditions, respectively.

In this study, the radiative effect is calculated with a time resolution of 15 min. The
calculation formula for the cloud radiative heating rate (CHR), which represents the change
in atmospheric vertical heating rate distribution, is as follows:

CHR = 1 x (HROV _ HRCL) ©6)

Here, HR®V and HR®! denote the atmospheric heating rates under cloudy and clear-
sky conditions, respectively.

2.7. Surface Energy Budget

To quantify the contribution of ice clouds to the surface energy balance, the surface
heat budget was further analyzed using flux variables from the ERA5 reanalysis. According
to the principle of energy conservation, the temporal change in surface energy storage S is
balanced by the net energy flux absorbed at the surface [35-37], which can be written as:

S=Rn—H-LE 7)

where Rn denotes the surface net radiative flux, representing the difference between net
shortwave radiation and net longwave radiation at the surface. H and LE represent
the sensible heat flux and latent heat flux, respectively. Clouds influence the surface
energy budget primarily through their modulation of both the shortwave and longwave
components of Rn. In many land-surface and atmospheric studies, the surface energy
storage term S is commonly assumed to be negligible for daily mean conditions, as its
contribution is small compared to the radiative and turbulent flux terms [38]. Following
this widely adopted approximation, S is set to zero in this study, and the analysis focuses
on the relative contributions of radiative and turbulent energy fluxes.
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To enable a consistent comparison among different surface energy flux components, all
fluxes are converted into a standardized near-surface heating-rate-like metric. Specifically,
each flux q (W/ m?) is normalized by the specific heat capacity of air ¢, [39], yielding

a=2 ®)
p

where o represents a standardized heating index used for relative comparison. It should be
noted that o does not represent an actual atmospheric temperature tendency. A physically
complete near-surface heating rate would additionally require information on air density
and the effective depth of the near-surface layer. In the present analysis, these quantities
are implicitly assumed to be constant, such that o is proportional to the true near-surface
temperature tendency. Consequently, this formulation is used solely as a normalized metric
to assess the relative magnitude and variability of different energy flux components, rather
than to quantify absolute atmospheric heating rates. Using this approach, the net radiative
flux, sensible heat flux, and latent heat flux from ERAD5 are transformed into standardized
heating indices and analyzed together with the model-derived ice-cloud radiative heating
rates. This framework allows for a direct comparison of the relative contributions of surface
radiative and turbulent processes to near-surface heating under different cloud conditions.

3. Results
3.1. Macrophysical and Microphysical Properties of SACOL and SGP Ice Clouds

Figure 2 illustrates the interannual variations in ice cloud occurrence frequency, cloud
top and base heights, cloud thickness, IWC and Dg, at the SACOL and SGP sites from
2014 to 2019. As shown in Figure 2a, the vertical distribution of ice clouds is generally
consistent between the two sites, with most occurrences concentrated between 6 and 12 km,
peaking around 9 km. However, the overall occurrence frequency of ice clouds at SACOL
is significantly higher than at SGP, with an annual mean of 40% at SACOL and only 27% at
SGP (as shown in Table 1). The subsequent preliminary results showed that this discrepancy
is closely related to differences in water vapor and vertical motion and have demonstrated
that the upper atmosphere humidity is significantly higher at SACOL than at SGP. In
addition, it may also be affected by the aerosol composition. Studies have shown that the
dust, as the dominant aerosol type at the SACOL site, could efficiently enhance ice cloud
formation through heterogeneous nucleation pathways [40,41]. Based on Figure 2b and
Table 1, compared to SACOL, the SGP site exhibits relatively higher cloud tops and bases,
thinner cloud layers, and less variability. As illustrated in Figure 2b, the ice cloud height
at both sites shows a clear upward trend over the years. Cloud top and base heights at
SACOL increased by 0.11 km and 0.25 km, respectively, while cloud thickness decreased by
0.14 km. At the same time, the SGP site experienced more pronounced increases in cloud
top and cloud base heights (0.36 km and 0.26 km, respectively), accompanied by a 0.1 km
increase in cloud thickness. This phenomenon of an increase in ice cloud height at two
sites is consistent with global findings [42—44]. Such changes under global warming may
further intensify the surface warming positive feedback, thereby exerting profound impacts
on the global climate system [45,46]. Figure 2c,d show the vertical distributions of two
microphysical parameters. The overall IWC is higher at SGP than at SACOL. The annual
mean ice water path (IWP) is 69.21 g/m? and 55.45 g/m? at SGP and SACOL, respectively.
However, notable differences are observed in the retrievals of effective particle diameter
between the two sites. The vertical distribution of ice cloud particle effective diameters at
SACOL closely follows that of IWC. In contrast, at SGP, the effective diameter of ice cloud
particles shows a strong dependence on height, as the retrieval is based on an empirical
formula that is a function of temperature. At present, the retrieval of ice cloud microphysical
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properties remains largely dependent on empirical formulations. Our findings of these
differences highlight the substantial uncertainties in empirical retrieval methods of ice
particle size, particularly in terms of consistency and physical representativeness. To
improve the reliability of ice cloud microphysical retrievals, cross-validation with in situ
aircraft observations and other multi-source datasets is required [47—-49].
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Figure 2. Interannual variations in ice cloud (a) occurrence frequency, (b) cloud top height, cloud
base height, and geometric thickness; black lines indicate linear regression trends of cloud top and
base heights (significant at the 95% confidence level); (c) ice water content; and (d) effective particle
diameter at (1) the SACOL site and (2) the SGP site from 2014 to 2019.

Figure 3 illustrates the seasonal variations in the macrophysical and microphysical
properties of ice clouds at the two sites. Both sites exhibit a seasonal pattern in ice cloud
occurrence frequency, with higher values during the cold seasons and lower during the
warm seasons. As shown in Figure 3a, at SACOL, the ice cloud occurrence frequency at
9 km reaches up to 30% in March but decreases significantly to 10% in September. The
six-year average occurrence is 49.5% in spring and only 28.28% in summer. Similarly, at
SGP, the frequency peaks in spring (30.65%) and is lowest in autumn (22.41%), but the
seasonal variation is less pronounced than at SACOL. Both sites show a seasonal variation
in ice cloud height, with lower altitudes in winter and higher in summer. At SACOL, the
highest cloud top and base heights occur in August (12.04 km and 10.26 km, respectively),
and the lowest in January (8.88 km and 6.53 km). At SGP, the seasonal variation in cloud
top and base heights shows less pronounced seasonal fluctuations compared to SACOL.
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The highest cloud top and base heights at SGP are observed in July (11.85 km and 9.76
km), and the lowest in January (9.43 km and 7.28 km). Notably, the seasonal variation
in cloud geometric thickness at both sites exhibits an opposite pattern to that of cloud
height, with thicker clouds in cold seasons and thinner clouds in warm seasons. The
seasonal variation in ice cloud thickness is larger at SACOL, ranging from a maximum
of 2.72 km to a minimum of 1.79 km. At SGP, the corresponding values are 2.65 km and
1.96 km. In terms of microphysical properties, two sites exhibit higher INC in spring and
summer and lower in autumn and winter, with consistently greater values observed at SGP
compared to SACOL across all seasons. Meanwhile, the seasonal variability of ice cloud
particle size at SACOL is consistent with the IWC. However, the cloud effective radius
at SGP exhibits no distinct seasonal variation, primarily due to the use of temperature-
based empirical formulas in the retrieval process, as previously discussed. In summary;,
both sites exhibit higher ice cloud frequencies, lower cloud heights, greater geometric
thickness, lower IWC, and smaller particle sizes in the winter and spring, whereas the
opposite occurs in summer and autumn. The seasonal distribution of ice cloud properties
is closely related to meteorological factors. In warm seasons, higher temperatures and
frequent vertical convection transport moisture upward, while the tropopause rises in mid-
latitudes, leading to higher ice cloud altitudes and greater IWC. However, due to relatively
steady upper-level circulation and significantly reduced wind speeds, the occurrence
frequency of ice clouds decreases. During the cold season, the combined effects of large-
scale atmospheric circulation patterns, reduced atmospheric water vapor content, and
intensified upper-level wind, particularly the jet streams, lead to lower cloud height and
smaller IWC [50,51]. Moreover, the SACOL site shows stronger seasonal variability and
higher ice cloud frequency during spring and winter, likely associated with frequent cold
frontal activities prevailing in northwest China during the cold seasons [52].

Table 1. Seasonal averages of ice cloud occurrence frequency and macrophysical and microphysical
properties at the SACOL and SGP sites over a six-year period. IWP represents the vertical integral of
IWC, and Dy, is the vertical median of effective particle diameter.

Annual Spring Summer Autumn Winter
39.53 49.50 28.28 3671 4362
Frec(l;e)ncy SACOL (£12.91) (£11.32) (£10.57) (£7.79) (£11.60)
o scp 27.45 30.65 26.57 2241 30.18
(+6.32) (+5.42) (+4.26) (+5.75) (+6.36)
. 10.47 10.73 11.82 10.25 9.15
TOP(Ee;ght SACOL (+1.12) (+0.57) (+0.61) (+0.72) (+£0.40)
m sap 10.59 10.30 11.64 10.60 9.65
(+0.85) (+0.51) (+0.28) (+0.50) (+0.45)
. 821 8.05 9.87 8.09 6.91
Bas?kHe)‘ght SACOL (+1.24) (+0.54) (+0.76) (+0.86) (+0.37)
m sap 8.37 7.89 9.41 8.55 7.42
(+0.88) (+0.39) (+0.36) (+0.60) (+£0.45)
. 226 268 1.95 2.16 224
Thg(kn)ess SACOL (+0.41) (40.34) (+0.29) (40.25) (+0.39)
m scp 222 241 222 2.04 223
(+0.31) (+0.31) (+£0.25) (+0.26) (+£031)
55.45 72.29 71.13 49.89 29.35
( “/Nr:z) SACOL (+27.57) (429.76) (+24.33) (+16.33) (+10.95)
8 scp 69.21 91.34 102.71 48.64 28.72
(+51.33) (+68.30) (+40.98) (425.58) (+13.21)
30.05 32.34 30.40 29.74 27.74
(Dfrel) SACOL (+3.18) (+2.39) (+3.21) (+2.21) (+£3.17)
W sap 24.80 24.77 24.97 25.08 24.29
(+0.66) (+0.54) (+0.51) (+0.81) (+0.46)
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Figure 3. Monthly variations of (a) ice cloud occurrence frequency, (b) cloud top height, cloud base
height, and geometric thickness; (c) ice water content, and (d) effective particle diameter at the
(1) SACOL and (2) SGP sites from 2014 to 2019.

The diurnal cycle of clouds strongly influences the Earth’s radiative energy budget.
Daytime ice clouds partially transmit solar radiation but primarily block incoming short-
wave flux, producing a cooling effect that depends on optical thickness and ice crystal size.
At night, they absorb surface and lower-atmosphere longwave radiation and re-emit it
at colder temperatures, inducing a greenhouse warming effect. Advances in observation
techniques, such as the 4.0 s KAZR cloud radar measurements at the SACOL and SGP sites,
now provide the high temporal resolution required to analyze these diurnal variations.
Therefore, building upon the analysis of interannual and seasonal variations, we conducted
an investigation into the diurnal variations in the macrophysical and microphysical prop-
erties of ice clouds at two sites by using the data from 2014 to 2019, which is shown in
Figure 4. Both sites exhibit significantly higher frequencies at night than during the daytime,
with a more pronounced signal observed at SACOL. As shown in Figure 5a, the diurnal
cycle of ice cloud frequency at SACOL exhibits larger amplitudes in spring and winter
compared to summer and autumn, indicating that the day—night variation in ice cloud
frequency is stronger in these two seasons. In spring, ice cloud activity is most frequent
from 18:00 to 06:00, with peak occurrence exceeding 32%, while at noon the frequency
drops to around 22%. Although the overall ice cloud frequency in winter is lower than in
spring, its diurnal variation is the most pronounced, with a nighttime-daytime difference of
up to 14%. In contrast to SACOL, the diurnal variation in ice clouds at SGP is most evident
in summer, with peak frequency reaching 18% between 22:00 and 04:00 and dropping to 6%
around 16:00, representing an amplitude of up to 12%. At both sites, the diurnal variation
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consistently indicates that ice clouds are more active at night, which is likely associated
with the enhanced radiative cooling in the upper troposphere during nighttime.
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Figure 4. Diurnal variations in ice cloud (a) occurrence frequency, (b) cloud top height, cloud base
height, and geometric thickness; (c) ice water content, and (d) effective particle diameter at (1) the
SACOL site and (2) the SGP site from 2014 to 2019.

Compared with the pronounced diurnal variations in ice cloud occurrence frequency,
the variations in cloud top and base heights at both sites are relatively small throughout
the day. The annual mean diurnal cycle of cloud thickness shows only slight differences
between day and night, as shown in Figure 4. However, from Figure 5b, there is a clear
diurnal pattern with SACOL in Spring and SGP in summer, characterized by thinner ice
clouds during the day and thicker ones at night. The diurnal amplitude of cloud thickness
can reach up to 0.72 km and 1.02 km, respectively. The nocturnal thickening of ice cloud
thickness is attributed to intensified nighttime ice cloud activity and enhanced upper-level
water vapor.

Regarding the microphysical properties of ice clouds, the annual mean IWC at SACOL
exhibits a distinct diurnal pattern, with lower values in the early morning and evening
and a peak around noon. In contrast, SGP shows a different pattern, with low IWC in the
morning and a gradual increase from afternoon into the night. As shown in Figure 5c, the
diurnal variation in summer is most pronounced at SACOL, especially between 12:00 and
18:00, when the IWC exceeds 0.08 g/m3. In contrast, IWC during autumn and winter is
relatively low and lacks significant diurnal variation, with its wintertime peak reaching
only about 20% of the summer maximum. The SGP site maintains relatively high IWC
throughout the year, with the most evident diurnal variation in spring and summer: higher
values are observed between 18:00 and 08:00, and lower values around noon. This pattern
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reflects enhanced nighttime ice cloud activity and the significant role of radiative cooling in
modulating IWC. As shown in Figure 5d, the effective diameter of ice particles at SACOL
follows a seasonal diurnal cycle pattern similar to IWC, whereas at SGP, it shows almost no
diurnal variation, primarily due to the retrieval method employed, which only depends on
the temperature.
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Figure 5. Diurnal variations in ice cloud physical properties in different seasons at (1) the
SACOL site and (2) the SGP site from 2014 to 2019: (a) occurrence frequency, (b) height
and geometric thickness, (c) ice water content, and (d) effective diameter of particles;
(al,a2,b1,b2,c1,c2,d1,d2) spring, (a3,a4,b3,b4,c3,c4,d3,d4) summer, (a5,a6,b5,b6,c5,c6,d5,d6) autumn,
and (a7,a8,b7,b8,c7,c8,d7,d8) winter.

3.2. Ice Cloud Radiation Effects at SACOL and SGP Sites
3.2.1. Radiation Closure Experiment

To evaluate the reliability of the model simulation, we conducted the radiative closure
experiment by comparing the simulated instantaneous SW and LW radiative fluxes of
the Fu-Liou model with the observations from the CERES SSF-Ed4A data at TOA. For
the radiation-closure experiment, instantaneous CERES TOA fluxes from Terra (~10:30
local time) and Aqua (~13:30 local time) overpasses were used. For each overpass, the
satellite pixel closest to the station location was selected. First, the experiment is pro-
duced under clear-sky conditions to ensure the accuracy of key parameters in the radiative
transfer model, including atmospheric profiles, surface albedo, and solar zenith angle
(SZA). Clear-sky conditions were defined when the CERES SSE-Ed4A instantaneous flux
data showed more than 90% clear-sky coverage, and the ground-based radar observa-
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tions simultaneously detected no cloud over the site. At the SACOL site, the numbers of
matched samples are 5659 (clear-sky) and 486 (ice-cloud dominant) for shortwave radiation,
and 12,524 (clear-sky) and 1343 (ice-cloud dominant) for longwave radiation. At the SGP
site, the corresponding numbers are 7058 and 368 for shortwave, and 15,007 and 853 for
longwave radiation. The results in Figure 6 show that model simulations and satellite
observations agree well under clear-sky conditions, especially for longwave radiation. The
mean (relative) LW errors for SACOL and SGP are only 1.14 W/m? (0.44%) and 1.57 W/m?
(0.57%), respectively. The shortwave discrepancies are larger than those in the longwave;
the relative errors at two sites are below 10% and 5%, respectively. It is mainly due to the
complexity of surface albedo in the footprints of the satellite observation, which is hard
to be precisely represented in the radiative transfer model. The good agreement between
observations and simulations under clear-sky conditions indicates that the key atmospheric
background parameters in the model are reasonably accurate and highly reliable. Based on
this validation, we input the retrieved ice cloud macrophysical and microphysical parame-
ters into the model to simulate radiative fluxes under all-sky conditions and conducted a
further radiative closure experiment. To ensure the ice cloud-dominant scene, we selected
CERES data with cloud top and cloud base temperatures below —30 °C and 0 °C, respec-
tively, and required that the total fraction of other cloud types be below 5% to exclude
multilayer cloud influence. Under cloudy conditions, the discrepancies between the model
simulation and satellite observation remain small for longwave fluxes, whereas the SW
differences increase significantly, with relative errors of —14.14% at SACOL and —8.69%
and SGP, respectively. The increased discrepancies are mainly attributed to retrieval un-
certainties in ice cloud microphysical properties [28,53]. Nevertheless, the relative errors
of simulated versus observed SW fluxes under all sky remained below 15%, and those of
longwave fluxes below 4%, which is smaller than the results of 16% and 10% in Wang's
study [18]. It is also necessary to notice that the difference in SW flux could be amplified
due to the data in comparison being restricted to the period of the Terra/Aqua-MODIS
transit time, which is close to noon.

3.2.2. Ice Cloud Radiative Forcing and Heating Rate

Based on the radiative closure experiments, we calculate the SW, LW and Net radiative
forcing and vertical heating rate at SACOL and SGP from 2014 to 2019. According to
the annual mean values presented in Figure 7, the SW CRF at the TOA and surface are
—15.92 W/m? and —17.39 W/m? at SACOL, and —13.10 W/m? and —12.60 W/m? at SGP,
respectively. The stronger cooling effect observed at SACOL can be largely attributed to its
12% higher ice cloud occurrence frequency compared to SGP. Additionally, at SACOL, the
larger difference between TOA and surface CRF indicates that a greater fraction of cloud
radiative forcing is absorbed within the atmosphere, while the larger negative surface CRF
reflects a stronger surface cooling effect compared to SGP. As illustrated in Figure 8, the
impact of ice clouds on the vertical heating rate of the atmosphere indicates that Solar
shortwave absorption within the cloud heats the corresponding atmospheric layer and
cools the underlying layers. The higher occurrence frequency and greater thickness of ice
clouds at SACOL enhance cloud extinction, resulting in a maximum SW heating rate peak
within the 9-11 km layer that is about 40% greater than at SGP. This enhanced heating aloft
also explains why the presence of ice clouds reduces the amount of SW radiation reaching
the surface, thereby exerting a stronger surface cooling effect at SACOL. Additionally, both
SACOL and SGP exhibit similar seasonal variation patterns in shortwave CRF, as shown in
Figure 9, with stronger negative values occurring from February to July, which are closely
linked to seasonal changes in cloud occurrence. The strongest shortwave CRF at TOA
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appears from April to May, reaching —25.28 W/m? at SACOL and —22.20 W/m? at SGP,
coinciding with increased ice cloud occurrence and thicker cloud layers.
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Figure 6. Scatter plots of instantaneous (a) shortwave and (b) longwave radiative fluxes at the top
of the atmosphere, observed by satellite and simulated by the model under clear-sky and all-sky
conditions at (1) the SACOL site and (2) the SGP site; r represents the correlation coefficient, RE
represents the relative error, and N represents the sample size.
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Figure 7. Average shortwave, longwave, and net radiative forcing of ice clouds at the top of the
atmosphere and at the surface at the SACOL and SGP sites from 2014 to 2019. Unit: W/m?.
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For longwave radiation, ice clouds produce positive radiative forcing both at the

TOA and the surface at two sites, showing a significant warming effect. The annual mean
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longwave CRF values at SACOL are 21.99 W/ m? at the TOA and 10.63 W/m? at the surface,
compared to 16.16 W/m? and 4.54 W/m? at SGP. The longwave CRF at the TOA exceeds
that at the surface, suggesting that more longwave energy is retained within the atmosphere.
Ice clouds absorb outgoing longwave radiation from the lower atmosphere and surface
that would otherwise escape into space, thereby trapping this energy and warming the
Earth—atmosphere system. Due to their high altitude, ice clouds emit longwave radiation
at lower temperatures. As shown in Figure 8, this leads to cooling within the cloud layers,
with rates of —0.24 K/day at SACOL and —0.10 K/day at SGP. In the 5-8 km layer below
the clouds, significant warming is observed, with peak heating rates of 0.37 K/day and
0.22 K/day, respectively. Seasonal variation in longwave forcing is comparable to that
of shortwave forcing, with enhanced effects during the cold season and reduced effects
during the warm season, largely driven by seasonal changes in ice cloud occurrence.

Considering both shortwave and longwave radiative effects, ice clouds at two sites
exert a net positive radiative forcing at TOA. The annual mean net CRF at TOA is 6.08 W /m?
at SACOL and 3.06 W/m? at SGP, indicating that the overall influence of ice clouds at TOA
is dominated by the longwave warming effect, which ultimately retains more energy within
the Earth—atmosphere system. In contrast, ice clouds produce a net negative radiative
forcing at the surface, with annual mean values of —6.76 W/m? at SACOL and —8.07 W /m?
at SGP. These results highlight the role of ice clouds in warming the atmospheric column
through radiative absorption, while simultaneously cooling the surface by reducing net
radiative fluxes.

Figure 10 illustrates the diurnal variations in ice cloud SW, LW and net radiative
forcing at the SACOL and SGP sites in annual and four seasons. Both sites exhibit significant
diurnal variations in the SW radiative forcing of ice clouds. The combined effects of solar
zenith angle changes and daily variations in cloud physical properties result in pronounced
shortwave radiative forcing peaks, typically occurring between 12:00 and 14:00 local time.
At SACOL in spring at 14:00, shortwave forcing reaches minimum values of —58.80 W/ m?
at the TOA and —71.63 W/m? at the surface. This coincides with the highest solar elevation
angle and increases in cloud thickness and ice water content, resulting in the strongest
shortwave cooling effect of the day. The diurnal variation in spring shortwave forcing
at SGP is also pronounced, with afternoon minima of —50.38 W/ m? at the TOA and
—53.95 W/m? at the surface. Compared to shortwave forcing, longwave radiative forcing
exhibits less pronounced diurnal variation, particularly at SGP, where TOA and surface
longwave force ranges from 13.76 to 18.86 W/ m? and 4.06 to 4.87 W/m?, respectively. At
SACOL, ice cloud longwave forcing at the TOA increases from afternoon to nighttime,
which is related to increased nighttime ice cloud occurrence and cloud thickening. The
net cloud radiative forcing reflects the combined effect of daytime shortwave cooling and
longwave warming and is dominated by longwave warming at night. As the solar elevation
angles and cloud properties vary diurnally, the net CRF at SACOL ranges from —14.56 to
22.44 W/m? at the TOA and from —36.25 to 11.75 W/m? at the surface, with corresponding
ranges of —18.74 to 18.86 W/m? and —32.32 to 4.89 W/m? at SGP.

As illustrated by the diurnal variations in atmospheric heating rates in Figure 11, the
diurnal variation in heating rates at the SGP site is similar to that at SACOL; however, due
to lower cloud occurrence frequency, its impact on atmospheric heating rates is smaller.
The net radiative effect of ice clouds at SGP causes nighttime cooling within the cloud and
daytime warming that are 50% and 62% smaller, respectively, than those at SACOL. The
seasonal diurnal variations, as shown in Figure 12, further demonstrate that differences
in ice-cloud-induced heating rate changes between the two sites are closely related to
the seasonal occurrence frequency of ice clouds. At two sites, the shortwave radiative
effect of ice clouds during daytime heats the cloud layer while cooling the atmosphere
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beneath it. Simultaneously, throughout the entire day, the longwave radiative effect of
ice clouds acts to cool the cloud layer and to warm the underlying atmosphere. Because
the shortwave absorption within the cloud layer during daytime substantially exceeds the
longwave cooling effect, the net radiative impact within the cloud is warming. In contrast,
the atmosphere below the cloud is subject only to longwave warming at night, whereas
during daytime the shortwave cooling and longwave warming effects largely offset each
other. Consequently, the sub-cloud atmosphere exhibits weak warming during the day
but pronounced warming at night. This diurnal contrast highlights the differential vertical
redistribution of radiative energy by ice cloud.
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Figure 10. Diurnal variations of (1) shortwave, (2) longwave, and (3) net radiative forcing of ice
clouds at the SACOL site and the SGP site, averaged over six years for (a) the entire year, (b) spring,
(c) summer, (d) autumn, and (e) winter.

3.2.3. The Contribution of Ice Clouds to the Surface Energy Balance

Although energy exchange at the top of the atmosphere is entirely driven by radiative
processes, within the Earth system, energy exchange involves multiple mechanisms, with
radiative energy transfer being only one component [35]. The surface energy balance
consists of turbulent fluxes and net radiative fluxes. The former primarily represents the
vertical transfer of energy from the surface to the atmosphere, including sensible heat flux
and latent heat flux. The latter consists of solar and infrared components. Clouds influence
the surface energy budget primarily through their modulation of both the shortwave
and longwave components of net radiative fluxes. In this study, the net energy flux
absorbed by the surface is assumed to be zero, and the standardized heating index was
used to investigate the relative contribution of radiative and turbulent energy transfer
to the surface energy budget (Detailed in Section 2.7). Figure 13 shows the interannual
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variations in net heating rate (S), net radiation (H;), sensible heat (Hs), latent heat (Hj), and
cloud radiative heating rate (CRH). Consistent with the surface energy balance assumption
adopted in this study, the net standardized heating rate (S) remains close to zero at both
sites. At SACOL, the contribution of sensible heat to surface heating exceeds 63% annually,
whereas at SGP it is only 32%. Conversely, the standardized latent heating rate at SGP
is significantly higher, approximately 67% annually. In summer, this value can reach
—0.131 K/day at SGP, compared to only —0.057 K/day at SACOL. This indicates that a
larger fraction of surface energy at the SGP site is partitioned into latent heat associated
with evaporation rather than into sensible heat transfer. Compared with SGP, SACOL is
characterized by stronger sensible heat flux and weaker latent heat flux, which is closely
related to semi-arid conditions with limited water vapor availability and sparse vegetation.
As a result, surface energy at SACOL is more efficiently transferred to the atmosphere
through sensible heating. The presence of ice clouds at SACOL and SGP sites leads to
reductions in surface net radiation by 29% and 26%, respectively, thereby reducing the net
radiative energy available at the surface and exerting a significant influence on the surface
energy budget. In particular, during the cold season, ice clouds contribute to standardized
surface radiative cooling rates of —0.032 K/day and —0.036 K/day at SACOL and SGP,
respectively, indicating that, within the standardized energy framework, the net radiative
energy absorbed at the surface is relatively weak and that the cooling effect of ice clouds
plays a more pronounced role in modulating the net radiative forcing.
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Figure 11. Mean diurnal variations in vertical radiative heating rates due to ice clouds from 2014 to
2019 at (1) the SACOL site and (2) the SGP site: (a) shortwave, (b) longwave, and (c) net heating rates.
Solid and dashed lines represent cloud top and cloud base, respectively. Unit: K/day.
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Figure 12. Diurnal variations of (1) shortwave, (2) longwave, and (3) net radiative heating rates of ice
clouds in different seasons from 2014 to 2019 at the (a1,b1,c1,d1) SACOL site and the (a2,b2,c2,d2)
SGP site: (a) spring, (b) summer, (c¢) autumn, and (d) winter. Solid and dashed lines represent cloud
top and cloud base, respectively. Unit: K/day.
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Figure 13. Interannual (1) and monthly mean (2) variations in standardized surface latent heat heating
rate (Hj), standardized sensible heat heating rate (Hs), standardized net radiative heating rate, and ice
cloud radiative heating rate (H;) at (a) the SACOL site and (b) the SGP site from 2014 to 2019, along
with (3) their respective contributions to the surface heat balance (S represents the net heating rate).

4. Discussion and Conclusions

This study systematically analyzed and compared the macrophysical and microphysi-
cal properties of ice clouds at the SACOL and SGP sites using nearly six years of continuous,
high-temporal-resolution observations from KAZR cloud radars, across interannual, sea-
sonal, and diurnal time scales. The annual mean occurrence frequency of ice cloud at the
SACOL is 40%, which is significantly higher than the 27% observed at the SGP site, primar-
ily due to the higher upper-tropospheric humidity over SACOL. During the cold season,
ice clouds at both sites tend to occur at lower altitudes with greater thickness, whereas
in the warm season, they are located at higher altitudes with thinner layers. Ice water
content also exhibits seasonal variation at both sites, being lower in winter and higher in
summer. On the diurnal timescale, both sites show distinct diurnal patterns, characterized
by higher ice cloud occurrence frequency at night and lower during daytime. The difference
between the two sites is more significant in summer, with SGP exhibiting a larger diurnal
amplitude than SACOL. A pronounced increase in ice cloud height was detected at both
sites, particularly at SGP, where cloud top and base heights rose by 0.36 km and 0.26 km,
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respectively. The elevation of ice clouds reduces outgoing longwave radiation and thus
substantially influences cloud radiative feedback. Under global warming, these changes
may potentially enhance positive feedback mechanisms, thereby underscoring the need for
further investigation. Additionally, in the study of ice cloud microphysical properties, we
found considerable uncertainties remain in the retrieval of microphysical parameters based
on empirical formulas, both in terms of result consistency and physical representativeness.
Therefore, multi-source data validation and evaluation should be pursued.

Based on the study of ice cloud physical properties at the two sites, we validated
the reliability of atmospheric and ice cloud physical parameters in the model through a
radiation closure experiment and conducted research on the radiative effects of ice clouds
and their contributions to the surface radiation energy budget. Ice clouds at both sites
primarily contribute to the longwave warming effect in the Earth-atmosphere system, with
annual mean net radiation forcing of 6.08 W/m? and 3.06 W/m? at TOA, respectively.
Ice clouds retain more energy within the atmosphere to heat the atmosphere, with maxi-
mum atmospheric heating rate changes reaching 0.37 K/day and 0.22 K/day, respectively.
Conversely, at the surface, the dominant effect is shortwave cooling, with net radiation
forcing of —6.76 W/m? and —8.07 W/m?. On the diurnal scale, shortwave cooling effects
dominate during the daytime, resulting in negative net radiation forcing at both the TOA
and surface. Within the cloud layer, absorption of shortwave radiation causes warming,
while shortwave cooling below the cloud and longwave warming counterbalance each
other, weakening the overall warming. At night, only longwave warming operates, leading
to positive radiation forcing at both the TOA and surface, with significant warming of
the air below the cloud and at the surface. Regarding diurnal variations, most existing
studies focus on interannual and seasonal characteristics based on daily averages, paying
limited attention to the diurnal variations in ice cloud properties, especially their radiative
characteristics. However, our results show that ice cloud radiative effects exhibit significant
diurnal variation closely linked to daily changes in cloud occurrence frequency and physi-
cal properties. Therefore, assessments of ice cloud radiative effects should fully consider
diurnal influences, particularly under global warming scenarios where changes in the day-
night characteristics of ice cloud occurrence frequency and properties may further affect the
interactions between ice clouds and diurnal shortwave and longwave radiation, inducing
diurnal feedbacks. Finally, combining ERA data on sensible and latent heat fluxes, we
analyzed the contributions of different energy transfer processes to surface heating at the
two sites. At SACOL, limited moisture availability near the surface and sparse vegetation
mean that the surface energy received primarily heats the air directly, with sensible heat
contributing over 63% annually to surface heating. Conversely, at SGP, abundant moisture
results in most surface energy being used for evaporation rather than directly heating the
air, with latent heat contributing approximately 67% annually, especially in summer. Ice
cloud radiative heating is a significant factor affecting the surface energy balance at both
sites; notably, during winter, ice clouds reduce net surface radiation by 29% and 26% annu-
ally at SACOL and SGP, respectively. This study elucidates the distribution characteristics
of midlatitude ice cloud physical properties across multiple timescales, thereby enhancing
understanding of their radiative effects and contribution to the surface energy budget.
The findings are expected to provide a scientific basis for validating and improving ice
cloud physical parameterizations of ice cloud processes in climate models and accurately
assessing cloud-radiation interactions in midlatitude regions.
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