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Abstract 28 

Cloud vertical structure plays a central role in regulating Earth’s radiation balance and hydrological cycle, 29 

yet it remains poorly represented in weather and climate models due to limited high-resolution 30 

observations. Using a newly established national network of 80 Ka-band cloud radars, we provide the 31 

first high-spatiotemporal-resolution characterization of cloud vertical structure across China for 2024 and 32 

quantify its thermodynamic, dynamical, and land-surface controls. An improved retrieval algorithm 33 

accounting for height-dependent radar sensitivity and clutter suppression is applied to derive cloud 34 

boundaries. The national annual mean cloud occurrence frequency is 56.7%, dominated by single-layer 35 

clouds (34.7%), followed by two-layer (14.7%) and multi-layer clouds (7.1%). Single-layer clouds prevail 36 

over arid northwestern China, whereas multi-layer clouds are more frequent in humid southeastern 37 

regions. Cloud base height exhibits strong seasonality, with higher values in summer and lower values in 38 

winter, and distinctly lower bases over the Tibetan Plateau. Diurnally, summer clouds show a pronounced 39 

afternoon peak between 3 and 9 km, while winter clouds are mainly confined below 3 km with a near-40 

sunrise maximum. Thermodynamic conditions exert primary control on cloud vertical development. 41 

Higher low-level humidity favors deeper clouds and higher tops, whereas stronger lower-tropospheric 42 

stability suppresses vertical growth. Wind shear generally limits cloud depth, though moderate shear may 43 

enhance organization under unstable conditions. Land-surface characteristics further modulate cloud base 44 

height, with higher bases over barren land and lower bases over forests. These results provide national-45 

scale observational benchmarks for improving cloud parameterizations in numerical models. 46 

 47 

 48 

 49 

Short Summary  50 

 51 
Using a new national network of 80 cloud radars, we mapped how clouds are layered and how high they 52 

reach across China. Clouds vary strongly by region, season, and time of day, with deeper clouds in humid, 53 

unstable conditions and shallower clouds in stable or windy conditions. Also, land cover matters: forests 54 

tend to have lower cloud bases than barren land. These findings help improve weather and climate 55 

predictions. 56 

  57 

https://doi.org/10.5194/egusphere-2026-1091
Preprint. Discussion started: 6 March 2026
c© Author(s) 2026. CC BY 4.0 License.



3 
 
 

 

 

 

 

 

1. Introduction 58 

Clouds are a crucial component of the Earth-atmosphere system and exert strong influence on both 59 

global and regional climate, as well as the hydrological cycle (Ramanathan et al., 1989; Stephens et al., 60 

2005; Williams et al., 2006; Bony et al., 2015; Voigt et al., 2021). By reflecting and scattering incoming 61 

solar shortwave radiation and absorbing outgoing longwave radiation, clouds substantially modulate the 62 

radiation budget at the top of the atmosphere, within the atmosphere, and at the surface (Wielicki et al., 63 

1995; Muhlbauer et al., 2014; Xu et al., 2021; Li et al., 2023). Cloud macrophysical characteristics—64 

including cloud fraction, cloud base height (CBH), cloud top height (CTH), cloud thickness (CT), and the 65 

number of vertical layers—strongly influence cloud radiative forcing and precipitation processes (Weare, 66 

2000; Wild, 2012; George et al., 2018; Zhang et al., 2019). Despite decades of research, climate models 67 

continue to exhibit substantial biases in simulating these cloud macrophysical properties, contributing 68 

significantly to considerable uncertainties in climate projections (Cesana and Waliser, 2016; IPCC, 2021; 69 

Cesana et al., 2022). For instance, many global climate models tend to overestimate high-level clouds in 70 

moist environments while underestimating low-level clouds in dry environments (Cesana and Waliser, 71 

2016). Improving the representation of cloud vertical structure (CVS) is therefore essential for reducing 72 

model uncertainty and enhancing the reliability of weather and climate simulations. 73 

Satellite observations provide broad spatial coverage of cloud macrophysical properties. Passive 74 

sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Multiangle 75 

Imaging Spectroradiometer (MISR) have been widely used to retrieve CTH and related properties. Based 76 

on two decades (2002–2021) of MODIS data, Richardson et al. (2022) reported an increasing trend in 77 

tropical-mean high-cloud altitude of 6.9 ± 2.7 m yr−1, which is statistically consistent with climate model 78 

projections. Using MISR-derived CTHs, Chae and Sherwood (2010) investigated the relationship 79 

between environmental stability and tropical deep convective cloud altitude over the western Pacific, 80 

finding altitude variations of approximately 2 km associated with higher convective available potential 81 

energy (CAPE). More recently, Mitra et al. (2023) combined MODIS and MISR data to improve CTH 82 

retrieval for thin cirrus overlying low-level clouds. However, passive sensors generally lack the capability 83 

to resolve cloud vertical structure comprehensively, particularly CBH and multi-layer configurations. 84 

Active satellite instruments, including the Cloud Profiling Radar (CPR) aboard CloudSat and the 85 

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard CALIPSO, have greatly advanced 86 

CVS observations (Stephens et al., 2002; Mace et al., 2007; Marchand et al., 2008; Huang et al., 2015). 87 

Using combined CloudSat and CALIPSO data, Oreopoulos et al. (2017) identified single-layer low and 88 

high clouds as the most frequent global CVS types, accounting for approximately 53% of cloudy scenes. 89 

Over China, Chi et al. (2022) documented strong regional and seasonal variability in CBH and CTH.  90 
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Nevertheless, active satellite retrievals have limitations. Compared with surface-based observations, 91 

CloudSat–CALIPSO products underestimate low clouds, missing approximately 25% of clouds below 92 

600 m and 9% between 600 m and 1 km (Liu, 2022). Moreover, their narrow swath width and 16-day 93 

revisit cycle restrict temporal sampling and limit the ability to resolve diurnal variability.  94 

Radiosonde observations provide high-vertical-resolution temperature and humidity profiles, 95 

allowing for the retrieval of CVS. Threshold-based methods have been widely used for CVS retrieval, 96 

including the dew-point depression technique (Poore et al., 1995), fixed relative humidity thresholds 97 

(Wang and Rossow, 1995), second-derivative methods (Chernykh and Eskridge, 1996), and dynamic 98 

altitude-dependent RH thresholds (Zhang et al., 2010). Xu et al. (2023) developed an improved retrieval 99 

method incorporating humidity and temperature gradients, revealing regional differences in low-cloud 100 

occurrence across East Asia, Europe and North America. However, these sounding measurements are 101 

typically conducted twice daily at 0000 UTC and 1200 UTC (Guo et al., 2016, 2019; Zhou et al., 2020), 102 

making them insufficient to capture the full diurnal evolution of CVS. 103 

 Compared with radiosonde observations, ground-based Ka-band millimeter-wave cloud radar 104 

(MMCR) enables continuous monitoring of CVS (Shupe et al., 2008). Owing to its high spatiotemporal 105 

resolution and strong penetration capability (Moran et al., 1998; Hollars et al., 2004), MMCR has been 106 

widely applied to analyze diurnal and seasonal variations in CVS (Zhao et al., 2017; Zhou et al., 2019; 107 

Chen et al., 2022). However, most MMCR based studies on CVS have been limited to individual sites or 108 

small regions, leaving a systematic national-scale characterization of CVS largely unexplored. Previous 109 

research has highlighted that cloud vertical development is jointly influenced by atmospheric thermal 110 

conditions, dynamical processes, and land-surface characteristics (Richardson, 2007; Chen et al., 2015; 111 

Fu et al., 2020). Specifically, lower-tropospheric stability (LTS) and low-level humidity are key 112 

thermodynamic factors regulating boundary-layer development and CBH, while vertical wind shear 113 

modulates CTH and CT by influencing the vertical development of clouds (Helfer et al., 2020; Wang et 114 

al., 2020; Yang et al., 2022; Xu et al., 2025). Land cover types further modulate cloud formation and CVS 115 

by altering surface energy partitioning and moisture fluxes (Wang et al., 2021). Despite these advances, 116 

most studies have focused on isolated factors or localized regions. To our knowledge, no previous study 117 

has ever provided a national-scale, high-frequency characterization of CVS across China using a 118 

coordinated ground-based radar network, nor systematically quantified the combined thermodynamic, 119 

dynamical, and land-surface controls. 120 

To address this gap, we present the first attempt to retrieve high-spatiotemporal-resolution vertical 121 

structures of clouds across China using one year (2024) of MMCR observations from a national network 122 

of 80 stations. The retrieved CVS metrics include cloud layer number, CBH, CTH, and CT for each 123 
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detected cloud layer. An improved retrieval algorithm incorporating height-dependent radar sensitivity 124 

curves and a variance-based clutter suppression method is developed to enhance detection reliability. 125 

Unless otherwise specified, CBH refers to the base height of the lowest cloud layer, CTH denotes the top 126 

of the highest cloud layer, and CT represents the total cloud thickness, defined as the difference between 127 

CTH and CBH.  128 

The remainder of this paper is organized as follows: Section 2 describes the observational data and 129 

methodology used for CVS retrieval. Section 3 presents the spatial, vertical, seasonal, and diurnal 130 

characteristics of CVS and analyzes its thermodynamic, dynamical, and land-surface controls. Section 4 131 

summarizes the main findings and discusses their implications for weather and climate modeling. 132 

2.  Data and methods 133 

2.1 Study area 134 

        China spans a vast territory across broad latitudinal and longitudinal ranges, leading to pronounced 135 

spatial heterogeneity in both atmospheric and surface conditions. The climate is predominantly governed 136 

by the Asian monsoon systems and the topographic forcing of the Tibetan Plateau, which together result 137 

in substantial regional variations (Ye and Gao, 1979; Domroes and Peng, 1988; Ding and Murakami, 138 

1994). In eastern China, a distinct north–south gradient is evident: southern regions are characterized by 139 

year-round warm and humid conditions, while northern areas experience colder winters and pronounced 140 

seasonal temperature variability. In contrast, western China, an area dominated by high-elevation terrain 141 

such as the Tibetan Plateau, is typified by low temperatures, strong radiative cooling, and limited moisture 142 

availability (Shi and Wang, 2020). Across this diverse landscape, meteorological variables exhibit strong 143 

seasonal cycles: precipitation and air temperature peak in summer (June–July–August) and reach minima 144 

in winter (December–January–February), sunshine duration follows a similar seasonal pattern, with 145 

maximum values occurring in summer. Wind speeds are generally highest in spring (March–April–May), 146 

whereas relative humidity remains consistently elevated in southern China and shows comparatively 147 

modest seasonal variation. Autumn (September–October–November) does not display equally distinct 148 

seasonal extremes in these meteorological variables.  149 

2.2 Data 150 

2.1.1 Ka-band millimeter-wave cloud radar observations  151 

        The MMCRs retrieve cloud macrophysical properties by detecting the scattering signals of cloud 152 

particles at millimeter wavelengths (Hobbs et al., 1985; Kollias et al., 2007). Capable of continuously 153 
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monitoring cloud vertical structure with high spatiotemporal resolution (Clothiaux et al., 2000; Mace et 154 

al., 2001; Hollars et al., 2004), the MMCRs employed in this study operates with a vertical resolution of 155 

30 m, a temporal resolution of 1 minute, and a maximum detection height of 18 km above ground level 156 

(AGL). Compared to conventional weather radars, the shorter wavelength of the MMCRs enhances their 157 

sensitivity to small cloud particles, making them particularly effective for observing non-precipitating 158 

and weakly precipitating clouds, as well as for penetrating multi-layer cloud systems (Moran et al., 1998; 159 

Kollias et al., 2007). This penetrative ability enables MMCRs to obtain detailed vertical cloud profiles, 160 

especially for thick, dense, and multi-layered clouds.  161 

        MMCR data have been widely used in cloud boundary detection (e.g., Zhang et al., 2017; Zhou et 162 

al., 2019; Fang et al., 2023) and exhibit strong consistency with radiosonde observations (Wang et al., 163 

2016; Zhao et al., 2017; Chen et al., 2022). In this study, MMCR data for the year of 2024 were obtained 164 

from the China Meteorological Administration (CMA). Of the 120 MMCR stations operating across 165 

China in 2024, only those with at least 100 valid observation days annually were retained to ensure data 166 

quality. This criterion resulted in the selection of 80 stations for subsequent analysis (Fig. 1).   167 

2.2.3 Radar wind profiler measurements 168 

    The radar wind profiler (RWP) is a ground-based remote sensing instrument designed to measure wind 169 

vertical profiles within the planetary boundary layer (PBL) and the lower free atmosphere (Liu et al., 170 

2020). By transmitting electromagnetic beams in multiple directions and analyzing the returned signals, 171 

the RWP provides a comprehensive set of atmospheric variables, including horizontal wind speed and 172 

direction, vertical velocity, radial velocity, Doppler spectral width, signal-to-noise ratio (SNR), and the 173 

refractive index structure parameter (𝐶!") (Liu et al., 2020). These measurements typically cover altitudes 174 

from 150 m to 5.0 km AGL, with a vertical resolution of 120 m and a temporal interval of 6 minutes 175 

(McCaffrey et al., 2017; Ruan et al., 2014). Compared to conventional radiosonde observations and 176 

reanalysis datasets, RWPs offer significantly higher temporal resolution, thereby facilitating high-177 

resolution, continuous monitoring of temporal variations in atmospheric wind profiles. In this study, 178 

vertical wind shear at 700 hPa (WS700) was derived from RWP observed wind speed and direction profiles 179 

using the following formula:  180 

																																							𝑆 = %&#$
#%
'
"
+ &#&

#%
'
"
)
'/"

                                                             (1) 181 

        where 𝑆 denotes the vertical wind shear, and 𝑢 and 𝑣 represent the zonal and meridional components 182 

of the horizontal wind, respectively. 183 
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        Despite these advantages, RWP measurements are subject to notable uncertainties. Data quality is 184 

often degraded below approximately 0.5 km AGL due to near-surface clutter, while significant beam 185 

attenuation limits reliable detection above about 5.0 km AGL. Therefore, rigorous quality control is 186 

essential before deriving dynamic variables from RWP data. In practice, only observations within the 187 

0.5–5.0 km height range are generally considered suitable for reliable analysis, which ensures the 188 

accuracy of WS700 calculations (consistent with the height range of the lower free atmosphere targeted by 189 

RWP measurements).  190 

2.2.3 ERA5 reanalysis  191 

 ERA5, the latest global atmospheric reanalysis produced by the European Centre for Medium-192 

Range Weather Forecasts (ECMWF), was released in 2017 and provides continuous meteorological data 193 

from January 1950 to the present (Bell et al., 2021). Generated using a 4-dimensional variational (4D-194 

Var) data assimilation system, ERA5 offers comprehensive, high-resolution, and large-scale 195 

meteorological fields that are well suited for climatic research, with temporal and spatial resolutions of 196 

up to 1 hour and 0.25°×0.25° (approximately 31 km), respectively (Hersbach et al., 2020). ERA5’s fine 197 

resolution facilitates improved representation of vertical profiles and diurnal variations in key 198 

atmospheric variables, particularly over land areas (Dai, 2023). In this study, we use ERA5 data for 2024 199 

to examine the impacts of LTS and specific humidity on CVS. For this purpose, hourly temperature at 200 

1000 hPa and 700 hPa, and specific humidity at 850 hPa (q850) are extracted for all 80 selected MMCR 201 

stations. 202 

To quantify the thermal stratification of the lower troposphere, LTS was derived following the 203 

formulation proposed by Wood and Bretherton (2006), which is defined as the difference in potential 204 

temperature between the 700 hPa and 1000 hPa pressure levels: 205 

																															𝐿𝑇𝑆 = 𝜃)**	%,- 	− 𝜃'***	%,-                                                           (2) 206 

         where 𝜃 denotes the potential temperature, calculated using the following formula: 207 

																																𝜃 = T(.!
.
)
"
#$                                                                                    (3) 208 

         where T and 𝑝 represent the air temperature and atmospheric pressure at the given pressure level, 209 

respectively; 𝑝* = 1000 hPa is the reference pressure; 𝑅 is the specific gas constant for dry air; and 𝐶. is 210 

the specific heat capacity at constant pressure.  211 

2.3 CVS retrieval methods based on MMCR data  212 

MMCR identifies cloud boundaries by detecting radar backscatter from hydrometeors, including 213 

liquid droplets and ice crystals within clouds. However, due to its short operating wavelength, MMCR is 214 
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also sensitive to non-meteorological echoes, such as near-surface dust, insect swarms, and atmospheric 215 

turbulence, as well as random noise arising from instrumental instabilities and signal processing artifacts 216 

(Ulaby et al., 1981; Zhou, 2008). These interfering signals can degrade the reliability of cloud boundary 217 

detection and introduce biases in retrieved CVS. 218 

A commonly used approach for retrieving CVS is the reflectivity threshold approach, which 219 

distinguishes cloud signals from background noise and clutter using a fixed reflectivity cutoff. Based on 220 

MMCR observations from the U.S. Atmospheric Radiation Measurement (ARM) program, Clothiaux et 221 

al. (1999) reported that radar reflectivity (Z) for various cloud types—including cirrus, stratus, and 222 

precipitating clouds—typically ranges from –50 dBZ to 20 dBZ. Consequently, many previous studies 223 

have adopted a constant minimum threshold of approximately –40 dBZ for cloud detection (e.g., Zhang 224 

et al., 2019; Chen et al., 2022; Fang et al., 2023). 225 

        However, the fixed threshold neglects the height-dependent sensitivity of radar measurements. 226 

Because radar detectability decreases with range, weak high-altitude cloud signals may fall below a 227 

constant threshold, while near-surface clutter may be misclassified as clouds. Such biases can lead to 228 

inaccurate estimates of cloud occurrence and vertical structure.  229 

        To address these limitations, this study introduces an improved CVS retrieval technique that 230 

integrates (1) theoretical radar sensitivity curves accounting for height-dependent detection capability and 231 

(2) a variance-based clutter suppression method adapted from Kalapureddy et al. (2018). By combining 232 

physically constrained sensitivity thresholds with statistical filtering of reflectivity variability, this 233 

approach enhances cloud detection robustness across different altitudes and cloud regimes. 234 

        The retrieval procedure consists of the following steps: 235 

        First, a height-dependent noise-equivalent reflectivity (NER) threshold curve (denoted as Z/%(𝑗)) is 236 

established to replace the fixed threshold. This curve is tailored to typical atmospheric conditions over 237 

China and defined as:   238 

																																				Z/%(j) = 61.2 × j - 42.0                                                                (4) 239 

         where j represents the vertical range bin index (or corresponding height level). This formulation 240 

accounts for the progressive reduction in radar sensitivity with increasing height. 241 

        For a given time t, the measured reflectivity 𝑍(𝑗, 𝑡) at height level j is classified as a potential cloud 242 

signal if: 243 

                                    𝑍(𝑗, 𝑡) ≥ 𝑍/%(𝑗)                                                                        (5) 244 

        Otherwise, the signal is classified as noise. This step generates a preliminary binary indicator 𝐼(𝑗, 𝑡), 245 

where I = 1 denotes potential cloud signals and I = 0 denotes noise. The resulting non-noise layers provide 246 

the initial candidates for cloud detection while removing the majority of random noise. 247 
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To further refine the non-noise regions, contiguous segments where 𝐼(𝑗, 𝑡) = 1 are identified as 248 

candidate cloud-containing layers. Although the NER threshold removes most random noise, residual 249 

non-meteorological clutter may remain. To further distinguish true cloud signals from clutter, a variance-250 

based method is applied within the identified non-noise layers. This method exploits the physical property 251 

that cloud hydrometeors are generally more spatially homogeneous and temporally coherent than clutter 252 

sources (Kalapureddy et al., 2018). As a result, the temporal variability of reflectivity within cloud-253 

dominated layers is typically lower than that within clutter-contaminated layers. 254 

A 3-minute sliding time window is applied at each height level within the non-noise layers. Within 255 

each window, the standard deviation of reflectivity across consecutive profiles is calculated, forming a 256 

variability sequence Ai. The mean (μ) and standard deviation (σ) of this sequence are then calculated as:  257 

                              μ = 1
0
∑ A1"
12*                                                                                      (6) 258 

                             σ = ?1
0
(∑ (A1 −"

12* μ)"@
%
&                                                                     (7) 259 

         A dual-threshold criterion is applied to identify moist (cloud) layers: if μ < 2.0 dBZ, and σ < 1.0 260 

dBZ. If both conditions are satisfied, the signal at that height is identified as part of a moist layer. The 261 

base and top height levels of moist (cloud) layers are determined by identifying vertically contiguous bins 262 

meeting this criterion. Otherwise, the segment is filtered out as clutter. 263 

          Finally, the cloud detection step is conducted to retrieve the CBH and CTH of each identified cloud 264 

layer by verifying the radar reflectivity within previously detected moist layers. This step yields the final 265 

CVS. Specifically, any candidate moist layer with a maximum reflectivity lower than −20 dBZ is 266 

excluded, as such weak backscatter signals are unlikely to represent physically meaningful cloud layers 267 

and may instead reflect residual noise or sub-detection-limit echoes. This reflectivity threshold is selected 268 

to balance sensitivity to thin non-precipitating clouds and robustness against noise contamination. 269 

        Given the high temporal resolution (1 min) of the MMCR observations, loosely connected cloud 270 

elements may occasionally be misidentified as multiple discrete layers. To reduce artificial layer 271 

fragmentation, an additional quality-control procedure is applied to the initially detected cloud 272 

boundaries. For each identified cloud layer, both its geometric thickness and the vertical separation 273 

distance to adjacent layers are calculated. If a cloud layer is thinner than 7 range bins (equivalent to 210 274 

m at the 30 m vertical resolution of the MMCR), the following criteria are applied: 275 

• If the separation distance to the nearest adjacent cloud layer exceeds 24 range bins (720 m), the 276 

thin layer is considered isolated and is discarded. 277 

• If the separation distance is less than or equal to 24 range bins, the thin layer is merged with the 278 

nearest adjacent cloud layer. 279 
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        This procedure reduces spurious detections while preserving physically coherent multi-layer 280 

structures. The complete CVS retrieval workflow is illustrated in the flowchart (Fig. 2). The algorithm is 281 

capable of detecting cloud layers across a wide range of altitudes and configurations, including single-282 

layer, multi-layer, shallow, and deep convective structures. An example case demonstrating the 283 

robustness of the retrieval under complex vertical conditions is provided in Fig. S1. 284 

3. Results and discussion 285 

        This section presents the spatial, vertical, seasonal, and diurnal characteristics of cloud vertical 286 

structure across China, followed by an analysis of the thermodynamic, dynamical, and land-surface 287 

controls governing cloud development. Unless otherwise specified, statistics are derived from all valid 288 

MMCR observations in 2024 across the 80 selected stations. 289 

3.1 Spatial distribution of cloud layer occurrence frequency  290 

Figure 3 illustrates the spatial distributions of annual mean occurrence frequencies for total clouds 291 

and for clouds classified by vertical layer number (single-layer, two-layer, and multi-layer; the latter 292 

defined as three to five layers) across China under all-sky conditions in 2024. The national mean total 293 

cloud occurrence frequency is 56.7%, with regional values ranging from 40% to 70% (Fig. 3a). This value 294 

is slightly lower than the long-term mean cloud fraction of approximately 61% derived from MODIS 295 

observations during 2003–2018 (Zhao et al., 2019), potentially reflecting the reported declining trend in 296 

total cloud fraction over East Asia in recent years (Zhou et al., 2022). The probability density function 297 

(PDF) of total cloud occurrence frequency exhibits a non-uniform distribution, with high probabilities 298 

concentrated toward the upper end of the frequency range. 299 

When classified by vertical structures (Figs. 3b–d), occurrence frequencies range from 25% to 40% 300 

for single-layer clouds, 10% to 16% for two-layer clouds, and 1% to 12% for multi-layer clouds. The 301 

PDF for single-layer clouds shows a relatively continuous distribution, with a concentration of stations at 302 

higher occurrence frequencies. In contrast, the PDF for two-layer clouds exhibits a more discontinuous 303 

pattern, with probability mass clustered in the high-frequency interval. Nationally averaged occurrence 304 

frequencies decrease systematically with increasing layer number, with mean values of 34.8% ± 4.0% for 305 

single-layer clouds, 14.7% ± 3.2% for two-layer clouds, and 7.1% ± 2.4% for multi-layer clouds. 306 

These results indicate that single-layer clouds constitute the dominant vertical structure over China. 307 

This overall distribution is broadly consistent with CALIPSO-based estimates reported by Pan et al. 308 

(2016), although differences in magnitude likely reflect differences in observational platforms and 309 

sampling characteristics. 310 
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Spatially, the highest total occurrence frequencies are observed over the southeastern Tibetan Plateau 311 

and the Sichuan Basin (Fig. 3a). This pattern agrees with previous satellite-based studies (e.g., Pan et al., 312 

2015; Yin et al., 2015) and can be attributed to topographic lifting and enhanced moisture convergence 313 

associated with complex terrain. However, the spatial contrast between northwestern and southeastern 314 

China differs somewhat from satellite-derived cloud fraction patterns. In particular, point-based MMCR 315 

observations indicate relatively higher total cloud occurrence frequencies at some stations in northwestern 316 

China compared with southeastern regions (Fig. 3b). This apparent discrepancy likely arises from 317 

fundamental differences in observational sampling: satellite products represent areal cloud fraction over 318 

large grid cells, whereas MMCR measurements capture local, vertically resolved cloud occurrence. In 319 

addition, northwestern China is often characterized by persistent, optically thin cloud layers, while 320 

southeastern China experiences more intermittent but vertically extensive convective systems. These 321 

differing cloud regimes may contribute to the observed spatial contrasts. 322 

Single-layer clouds occur more frequently in northwestern China than in the southeast (Fig. 3b), 323 

whereas multi-layer clouds exhibit the opposite pattern, with higher frequencies in the southeast and lower 324 

frequencies in the northwest (Fig. 3d). This regional contrast likely reflects differences in moisture 325 

availability and atmospheric instability. Southeastern China, influenced by abundant water vapor 326 

transport and stronger solar heating, favours deep convective development and the formation of vertically 327 

complex, multi-layered cloud systems (Chi et al., 2022). In contrast, the comparatively dry and stable 328 

conditions in northwestern China promote simpler, predominantly single-layer cloud structures (Chen et 329 

al., 2019). No pronounced spatial gradient is evident for two-layer cloud occurrence under all-sky 330 

conditions (Fig. 3c), suggesting a more transitional vertical structure between the two dominant regimes. 331 

3.2 Horizontal distribution of cloud height 332 

CBH, CTH, and CT are fundamental descriptors of cloud vertical structure. CBH plays a particularly 333 

important role in regulating near-surface radiation and turbulent energy exchange, while also linking 334 

surface-atmosphere interactions to cloud formation processes. Accurate characterization of CBH is 335 

therefore essential for both regional weather forecasting and climate change assessments (e.g., Stephens 336 

et al., 2012; Mülmenstädt et al., 2018; An et al., 2019).  337 

Figure 4 presents the horizontal distribution of seasonal mean CBH across China in 2024. CBH 338 

exhibits pronounced seasonal variability. In summer, CBH is generally elevated, with 84% of stations 339 

exceeding 3 km and approximately 10% reaching values up to 5 km (Fig. 4b). Spring (Fig. 4a) displays a 340 

similar spatial distribution but with lower magnitudes, with most CBH values (67%) concentrated 341 

between 2.5 km and 4 km. In contrast, autumn and winter (Figs. 4c-d) are characterized by substantially 342 
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lower CBH, predominantly within the 2–3 km range, and only a small fraction of stations exceeding 4 343 

km. The seasonal mean CBH follows the order: summer (3.95 ± 0.88 km) > spring (3.24 ± 0.77 km) > 344 

autumn (2.78 ± 0.62 km) > winter (2.15 ± 0.89 km). This seasonal progression is consistent with previous 345 

studies (e.g., Shupe et al., 2011; Chi et al., 2022; Xu et al., 2023) and reflects the strong modulation of 346 

cloud formation by radiative forcing and boundary-layer dynamics. Enhanced solar heating in summer 347 

deepens the PBL and promotes stronger turbulent mixing, favouring higher cloud bases. In contrast, 348 

reduced insolation and increased static stability in winter suppress boundary-layer growth, resulting in 349 

lower CBH (Zhang et al., 2018).   350 

Spatially, elevated summer CBHs (>3 km) dominate much of eastern China. While the East Asian 351 

summer monsoon enhances moisture transport from the Pacific (Ding and Chan, 2005; Li et al., 2016), 352 

increased surface heating and boundary-layer development over land can elevate condensation levels 353 

despite enhanced humidity. This highlights the competing influences of moisture supply and boundary-354 

layer dynamics on CBH. 355 

Over the Tibetan Plateau, CBH is distinctly lower (approximately 2.5 km above ground level) during 356 

spring and summer compared with surrounding regions. This regional feature reflects unique 357 

thermodynamic conditions associated with high elevation. Although strong surface heating enhances 358 

buoyancy and deepens the PBL, lower ambient temperatures reduce the lifting condensation level (LCL) 359 

for a given near-surface relative humidity, facilitating the frequent formation of low-level clouds (Wang 360 

et al., 2020). The combined effects of terrain-induced lifting, enhanced vertical moisture transport, and 361 

lower LCL contribute to the relatively low CBH over the Plateau. 362 

CTH exhibits similar seasonal variability (Fig. S2), with mean values of 7.51 ± 1.00 km in summer, 363 

6.37 ± 0.93 km in spring, 5.70 ± 0.71 km in autumn, and 4.70 ± 1.33 km in winter. The higher summer 364 

CTH reflects enhanced convective instability and stronger vertical development, whereas wintertime 365 

stability limits cloud growth largely to the lower troposphere. Regionally, CTH over the Tibetan Plateau 366 

is systematically lower than over eastern China. This finding is consistent with Chen et al. (2017), who 367 

reported that deep convective clouds over the Plateau are approximately 20–30% thinner than those over 368 

eastern China, and with Luo et al. (2011), who noted that convection over the Plateau is generally 369 

shallower and less frequent. The reduced vertical extent may be related to weaker large-scale dynamical 370 

forcing and frequent weak upward motion over the Plateau (Chen et al., 2017). 371 

CT follows a seasonal cycle similar to that of CTH, with mean values of 3.56 ± 0.72 km in summer, 372 

3.13 ± 0.49 km in spring, 2.93 ± 0.47 km in autumn, and 2.56 ± 0.72 km in winter (Fig. S3). The larger 373 

CT during summer reflects the combined effects of enhanced instability, deeper convective development, 374 
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and increased moisture availability, while the thinner winter clouds are consistent with suppressed vertical 375 

growth under stable atmospheric stratification. 376 

3.3 Vertical distribution of cloud 377 

Figure 5 presents the annual and seasonal mean vertical occurrence frequencies of CBH, CTH, and 378 

the combined cloud vertical profiles across China in 2024. These profiles provide insights into the 379 

climatological structures of clouds and the mechanisms governing their seasonal variability. 380 

3.3.1 Vertical distribution of CBH 381 

 As shown in Fig. 5a, CBH occurrence frequency exhibits a pronounced unimodal distribution, with 382 

notable seasonal modulation. Across all seasons, the highest frequencies occur below 1 km, indicating 383 

the predominance of low-level cloud bases over continental China. This result is consistent with previous 384 

ground-based radar and lidar observations in mid-latitude continental regions, which document the 385 

frequent occurrence of low cloud bases in boundary-layer cloud regimes (e.g., Clothiaux et al., 2000; 386 

Wang and Sassen, 2001).  387 

Distinct seasonal contrasts are evident. Above 6 km, CBH frequencies are highest in summer, 388 

whereas below 3.0 km, they peak in winter. This seasonal contrast reflects differences in thermodynamic 389 

instability, large-scale circulation, and the associated cloud types (Shupe et al., 2011). In summer, 390 

enhanced surface heating and abundant moisture supply associated with the East Asian summer monsoon 391 

promote deep boundary-layer development and vigorous convection, allowing cloud bases to form at 392 

higher altitudes, particularly for convective and high-level cloud systems (Ding and Chan, 2005; Mace et 393 

al., 2006). In winter, reduced insolation and colder temperatures lower the lifting condensation level 394 

(LCL) and suppress boundary-layer mixing. Moreover, the East Asian winter monsoon advects cold, dry 395 

air southward, strengthening static stability and limiting vertical development (Zhang et al., 1997). Under 396 

these conditions, condensation frequently occurs within shallow boundary layers, favouring low-base 397 

stratiform clouds such as stratus and stratocumulus (Klein and Hartmann, 1993). 398 

3.3.2 Vertical distribution of CTH 399 

In contrast to CBH, the vertical occurrence frequency of CTH exhibits a prominent bimodal 400 

distribution, with one peak occurring between 1.0 and 3.0 km and a second peak between 6 and 12 km 401 

(Fig. 5b). This bimodal pattern indicates the coexistence of two dominant cloud regimes over China: 402 

shallow low-topped clouds and deep convective or high-level cloud systems. The presence of both peaks 403 

reflects the diversity of synoptic environments and climatic regimes across the region. 404 
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The two modes exhibit distinct seasonal behavior. The high-altitude peak (6–12 km) is most 405 

pronounced in summer, particularly above 9 km. This enhancement is consistent with a deeper 406 

troposphere, stronger convective instability, and more frequent deep convection during the warm season. 407 

Intense surface heating combined with monsoonal moisture transport supports strong updrafts capable of 408 

transporting cloud tops into the upper troposphere (Johnson et al., 1999; Holloway and Neelin, 2009). In 409 

contrast, the low-altitude peak (1–3 km) dominates in winter, when stable stratification restricts vertical 410 

cloud growth and favours shallow stratiform cloud types (Klein and Hartmann, 1993; Wood and 411 

Bretherton, 2006). 412 

3.3.3 Combined vertical cloud profiles 413 

The combined vertical distribution derived from CBH and CTH (Fig. 5c) further illustrates seasonal 414 

contrasts in overall cloud depth. During summer, clouds occupy a broad vertical range, frequently 415 

extending from near the surface to above 9 km. This structure reflects the prevalence of deep convective 416 

systems supported by strong surface heating, enhanced instability, and abundant moisture supply (Houze, 417 

2018). In winter, by contrast, cloud occurrence is largely confined below 6 km, and the vertical extent is 418 

substantially reduced. This shallow structure is consistent with the dominance of low-level stratiform 419 

clouds under cold, dry, and stable atmospheric conditions, where limited vertical mixing suppresses deep 420 

convection (Shupe et al., 2011; Pan et al., 2023). 421 

3.4 Diurnal variation of cloud occurrence frequency at different heights  422 

Compared with conventional radiosonde measurements, the MMCR provides much higher temporal 423 

resolution (1 min), enabling detailed characterization of the diurnal evolution of cloud vertical structure. 424 

Based on the retrieved CVS dataset, Figure 6 shows the annual mean diurnal variations of height-resolved 425 

cloud occurrence frequencies, along with the corresponding annual mean vertical profiles. Cloud 426 

occurrence frequencies were calculated at 1-hour intervals with a vertical resolution of 30 m, and the time 427 

refers to local time (LT).  428 

3.4.1 Annual mean diurnal cycle 429 

The annual mean diurnal variability extends primarily from 0.5 to 9 km, with the strongest 430 

fluctuations occurring below 3 km (Fig. 6b). Two prominent peaks in cloud occurrence frequency are 431 

identified: one in the morning (0600–0800 LT) and another in the afternoon (1400–1800 LT). These two 432 

peaks may be associated with seasonal influences. These peaks reflect the combined influence of 433 

nocturnal PBL processes and daytime convective development. 434 
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The morning peak is likely associated with nocturnal radiative cooling in the PBL, which enhances 435 

relative humidity and promotes the formation of low-level clouds under stable stratification. In contrast, 436 

the afternoon maximum corresponds to enhanced surface heating and increased boundary-layer 437 

instability, which favour convective cloud development. This diurnal pattern is broadly consistent with 438 

previous studies showing early-morning peaks in low cloud occurrence and late-afternoon maxima in 439 

convective activity (Li et al., 2008). 440 

3.4.2 Seasonal modulation of the diurnal cycle 441 

Figure 7 further shows seasonal mean diurnal variations in height-resolved cloud occurrence 442 

frequencies, along with the corresponding annual mean vertical profiles. The amplitude and vertical 443 

extent of diurnal variability differ markedly by season. 444 

In summer (Fig. 7b), cloud occurrence variability spans a broad vertical range (approximately 1–10 445 

km), substantially larger than in winter (Fig. 7d). This enhancement reflects the combined effects of strong 446 

surface heating and the East Asian summer monsoon (EASM). Enhanced solar radiation increases near-447 

surface buoyancy and promotes vigorous convection, while monsoonal moisture transport provides the 448 

thermodynamic support necessary for deep cloud development. These conditions favour the frequent 449 

formation of deep convective clouds and produce pronounced diurnal variability extending into the upper 450 

troposphere (Houze, 2014; Wood, 2012). 451 

The summer vertical profile exhibits a distinct two-layer structure. A lower layer (1–2 km) shows 452 

relatively weak diurnal variation, while an upper layer (3–9 km) displays a pronounced cycle. Within the 453 

upper layer, cloud occurrence reaches a minimum in the early morning (0600–0800 LT) and peaks in the 454 

late afternoon to early evening (1600–2000 LT). This pattern reflects the strong control of solar heating 455 

on convective instability: daytime heating destabilizes the planetary boundary layer, initiates moist 456 

convection, and drives the formation of cumuliform and deep convective clouds, leading to enhanced 457 

cloud occurrence in the afternoon (Betts, 2009; Zhang and Klein, 2013). At night, the absence of solar 458 

heating reduces convective turbulence and suppresses vertical moisture transport, thereby weakening 459 

upper-level cloud development. 460 

In winter, the diurnal variability of cloud vertical distribution is considerably weaker and largely 461 

confined below 3 km. Cloud occurrence is most frequent between 0.5 and 3 km, consistent with the typical 462 

altitude range of liquid-phase stratiform clouds (Xu et al., 2023). A near-sunrise maximum (0600–0800 463 

LT) is evident, in agreement with previous findings (Betts and Tawfik, 2016). This wintertime 464 

enhancement likely results from minimum near-surface air temperatures around sunrise under stable 465 
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boundary-layer conditions, which increase relative humidity and favour cloud formation (Dai, 2001; 466 

Eastman and Warren, 2014). 467 

Spring and autumn exhibit transitional behavior between summer and winter. In spring (Fig. 7a), the 468 

vertical range of cloud variability expands relative to winter, with cloud tops occasionally reaching 7–8 469 

km. An afternoon peak in mid-tropospheric cloud occurrence (3–6 km) is evident between 1400 and 1800 470 

LT, reflecting strengthening solar heating and increasing convective instability. In autumn (Fig. 7c), cloud 471 

tops gradually lower and the diurnal amplitude weakens. Cloud occurrence becomes more evenly 472 

distributed throughout the day, particularly below 4 km, as solar radiation declines and atmospheric 473 

stratification strengthens. Overall, these transitional seasons illustrate the progressive adjustment of the 474 

cloud diurnal cycle to evolving surface heating and large-scale circulation, consistent with the broader 475 

seasonal evolution documented over China (Yu et al., 2007). 476 

3.5 Impact of atmospheric thermodynamic factors on CVS 477 

The vertical structure of clouds over China is regulated by a combination of thermodynamic 478 

stratification, moisture availability, and dynamical forcing. To quantify these controls, we examine the 479 

relationships between three key CVS metrics—CBH, CTH, and CT—and LTS, q850, and WS700 using 480 

temporally and spatially collocated ERA5 reanalysis data. Across China, thermodynamic factors exert 481 

primary control on cloud vertical development, while dynamical forcing modulates cloud organization 482 

and geometric extent. 483 

3.5.1 Cloud base height  484 

Figure 8 displays the spatial distributions of correlation coefficients between CBH and three 485 

atmospheric variables. For the q850, positive correlations dominate at 92.4% of stations (Fig. 8a). This 486 

widespread relationship indicates that environments with enhanced low-level moisture are generally 487 

associated with higher cloud bases in the climatological mean. Importantly, this positive correlation does 488 

not imply that moisture directly raises the lifting condensation level (LCL); rather, it reflects the co-489 

variability of moisture and convective instability. Under moist and unstable conditions, deeper PBL 490 

development and stronger updrafts elevate cloud bases, particularly for cumuliform and convective cloud 491 

regimes (Betts, 2004; Zhang and Klein, 2013). This relationship is statistically robust and spatially 492 

coherent, particularly over southern China and the eastern margins of the Tibetan Plateau, where moist 493 

convection frequently regulates cloud vertical development.  494 
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The few negative correlations (7.6%), scattered over arid northwestern China, likely reflect the 495 

dominance of large-scale subsidence, which decouples local moisture variability from cloud formation 496 

(Riemann-Campe et al., 2011). 497 

In contrast, CBH exhibits predominantly negative correlations with LTS (72.5% of stations; Fig. 498 

8b), most notably over southeastern coastal China and the Sichuan Basin. Higher LTS indicates stronger 499 

lower-tropospheric stratification, which suppresses boundary-layer growth and favours shallow stratiform 500 

clouds with lower bases (Klein and Hartmann, 1993; Wood and Bretherton, 2006). Conversely, reduced 501 

LTS enhances instability, promotes deeper turbulent mixing, and supports the development of higher 502 

cloud bases associated with convective clouds (Slingo, 2007). 503 

Positive correlations (27.5%), primarily over the Tibetan Plateau and parts of northern China, likely 504 

arise in regions where LTS variations are coupled with large-scale dynamical lifting or orographic 505 

forcing, complicating the direct stability–CBH relationship (Medeiros et al., 2010). 506 

In contrast, CBH exhibits no coherent national-scale relationship with WS700 (Fig. 8c), with nearly 507 

equal proportions of positive (52.2%) and negative (47.8%) correlations. This near-symmetric 508 

distribution suggests that vertical wind shear exerts a context-dependent influence on CBH (Jiang et al., 509 

2012). In some regions (e.g., northern China), stronger shear may enhance convective organization and 510 

elevate inflow layers, leading to higher cloud bases (Weisman and Rotunno, 2000). In others (e.g., 511 

southern China), shear-enhanced mixing and low-level convergence may promote lower cloud bases 512 

(Houze, 2018). Overall, the absence of a uniform signal indicates that dynamical shear does not 513 

systematically control CBH at the national scale. 514 

3.5.2 Cloud top height  515 

Cloud top height exhibits broadly similar but more pronounced thermodynamic sensitivity (Fig. 9). 516 

For q850 (Fig. 9a), positive correlations dominate across 96.3% of stations, indicating that abundant low-517 

level moisture sustains buoyant ascent and supports deeper cloud development. This relationship is most 518 

pronounced over southern China and the eastern Tibetan Plateau margins, where active moist convection 519 

prevails. Higher specific humidity provides ample moisture supply to convective systems, enabling air 520 

parcels to maintain positive buoyancy over deeper layers and reach higher levels before encountering 521 

their level of neutral buoyancy (Johnson et al., 1999; Holloway and Neelin, 2009). The few negative 522 

correlations (3.7%), scattered over arid northwestern China, likely reflect the dominance of large-scale 523 

subsidence that inhibits deep convective development regardless of local moisture availability (Riemann-524 

Campe et al., 2011). 525 
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CTH is predominantly negatively correlated with LTS (65.8% of stations; Fig. 9b), particularly over 526 

coastal southeastern China, the Sichuan Basin, and the Yangtze River valley. The explanation parallels 527 

that for CTH: higher LTS suppresses vertical cloud growth, favouring shallow cloud formations with 528 

lower cloud tops (Klein and Hartmann, 1993; Wood and Bretherton, 2006), while lower LTS enables 529 

vigorous deep convective development that extends to higher altitudes (Slingo, 1987). Positive 530 

correlations (34.2% of stations), primarily over the Tibetan Plateau and parts of northern China, may 531 

reflect situations where LTS variations are coupled with large-scale dynamical lifting or orographic 532 

forcing (Medeiros et al., 2010). 533 

By comparison, CTH shows a predominantly negative correlation with WS700 (69.6% of stations; 534 

Fig. 9c), with negative correlations concentrated over southern China, the Tibetan Plateau margins, and 535 

northeastern China. This pattern indicates that stronger vertical wind shear tends to suppress vertical cloud 536 

development, thereby lowering cloud top heights. Several mechanisms may explain this relationship: (1) 537 

Enhanced entrainment mixing near cloud edges, which dilutes buoyancy and limits vertical growth; (2) 538 

Disruption of vertically coherent updrafts during early convective stages; and (3) Increased upper-level 539 

turbulence that spreads anvils horizontally rather than vertically (Sathiyamoorthy et al., 2004). These 540 

processes reduce maximum cloud-top altitude and favour layered cloud structures (Yang et al., 2022). 541 

Positive correlations (30.4%), scattered mainly over northwestern China, may reflect environments 542 

where moderate shear organizes convection into longer-lived systems capable of deeper vertical 543 

development—consistent with the “optimal shear” framework (Weisman and Rotunno, 2000). 544 

3.5.3 Cloud thickness 545 

Cloud thickness exhibits distinct correlation patterns that differ from those of CBH and CTH (Fig. 546 

10). For q850 (Fig. 10a), positive correlations dominate across 67.5% of stations, indicating that abundant 547 

low-level moisture favours vertically extended clouds. This relationship is pronounced over southern 548 

China and the eastern Tibetan Plateau margins, where active moist convection prevails. Higher specific 549 

humidity sustains positive buoyancy over deeper layers, promoting thicker clouds (Johnson et al., 1999; 550 

Holloway and Neelin, 2009). Negative correlations (32.5% of stations), scattered over arid northwestern 551 

China and parts of Inner Mongolia, may reflect environments where moisture is insufficient to support 552 

deep convective development, or where enhanced low-level moisture triggers early precipitation that 553 

limits further vertical growth. 554 

For LTS (Fig. 10b), cloud thickness exhibits a predominantly positive correlation (67.1% of 555 

stations), concentrated over southern China, the Sichuan Basin, and the Yangtze River valley. This 556 

contrasts with the negative LTS correlations observed for CBH and CTH. The positive relationship arises 557 
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because moderate to high LTS is often associated with stratiform cloud regimes, which, while having 558 

limited vertical extent individually, can develop considerable geometric thickness through layered cloud 559 

structures and persistent moisture supply (Klein and Hartmann, 1993; Wood and Bretherton, 2006). 560 

Negative correlations (32.9% of stations), primarily over the Tibetan Plateau and parts of northern China, 561 

reflect situations where low LTS enhances atmospheric instability and promotes deep convection, but the 562 

resulting clouds exhibit highly variable thickness depending on convective stage and precipitation 563 

processes (Slingo, 1987; Medeiros et al., 2010). 564 

Cloud thickness shows a predominantly negative correlation with WS700 (78.3% of stations; Fig. 565 

10c), with negative correlations widespread across southern China, the Tibetan Plateau margins, 566 

northeastern China, and the North China Plain. This strong negative relationship indicates that stronger 567 

vertical wind shear suppresses vertical cloud development, reducing cloud thickness. Multiple 568 

mechanisms operate across different atmospheric layers. Large-eddy simulations demonstrate that 569 

vertical wind shear—particularly backward shear (surface easterlies becoming upper westerlies)—limits 570 

vertical cloud development in trade-wind cumulus convection, leading to shallower cloud layers (Helfer 571 

et al., 2020). Wind shear across the cloud-top interface enhances entrainment mixing and turbulent kinetic 572 

energy production, diluting cloud cores and suppressing vertical growth (Mellado and Stevens, 2014). 573 

Strong upper-level shear limits upward deep convective development by enhancing turbulence over cloud 574 

tops and extending anvils horizontally (Sathiyamoorthy et al., 2004) and disrupts organized updraft 575 

structures (Bi et al., 2023). Positive correlations (21.7% of stations), scattered across limited areas of 576 

northwestern China, may reflect environments where moderate shear organizes convection into longer-577 

lived systems that achieve greater vertical development through enhanced moisture convergence—578 

consistent with the concept of "optimal" shear for organized deep convection (Weisman and Rotunno, 579 

2000). 580 

3.6 Joint thermodynamic-dynamic controls  581 

Because atmospheric controls rarely operate in isolation, we further examine the joint regulation of 582 

CVS by paired thermodynamic and dynamical variables. This bivariate analysis reveals that moisture 583 

availability establishes the fundamental precondition for vertical cloud development, while instability and 584 

wind shear determine the efficiency with which that moisture is converted into vertical growth. Under 585 

high-humidity and low-LTS conditions, clouds attain maximum CBH, CTH, and CT. In contrast, high 586 

LTS suppresses vertical development regardless of moisture or shear intensity, demonstrating the 587 

dominant stabilizing control of stratification. Wind shear exhibits a nonlinear influence: moderate shear 588 

enhances convective organization under unstable conditions, whereas strong shear inhibits vertical cloud 589 
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growth through enhanced mixing. This joint dependence confirms that thermodynamic forcing provides 590 

the primary control on CVS across China, with dynamical processes acting as modulators. 591 

3.6.1 Cloud base height 592 

Figure 11 illustrates the joint dependence of CBH on paired atmospheric variables. For the q850–LTS 593 

combination (Fig. 11a), CBH generally increases with q850, but the sensitivity depends strongly on 594 

stability. Under low LTS (unstable) conditions, CBH reaches its highest values when moisture is 595 

abundant, consistent with environments favouring deep boundary-layer development and convective 596 

cloud regimes. Under high LTS (stable) conditions, CBH remains low across nearly all humidity bins, 597 

indicating that strong stratification limits boundary-layer growth and favours low-base stratiform clouds 598 

regardless of moisture availability. 599 

The LTS–WS700 relationship (Fig. 11b) further demonstrates this conditional behavior. Under low 600 

LTS, CBH tends to increase with increasing shear, consistent with the role of shear in organizing 601 

convection and modulating inflow structure in unstable environments (Weisman and Rotunno, 2000). 602 

Under high LTS, CBH remains uniformly low and exhibits weak sensitivity to shear, again emphasizing 603 

that stability constrains cloud-base variability. 604 

For the q850 – WS700 pairing (Fig. 11c), CBH increases primarily with q850, while shear acts as a 605 

secondary modulator. The largest CBH values occur when high moisture coincides with moderate-to-606 

strong shear, suggesting that organized convection and enhanced mixing in such environments can 607 

support higher cloud bases. When q850 is low, increasing shear alone produces only limited increases in 608 

CBH, indicating that moisture availability remains a prerequisite for elevated cloud bases. 609 

3.6.2 Cloud top height 610 

The joint dependence of CTH on paired variables (Fig. 12) is broadly consistent with that of CBH, 611 

but with greater sensitivity to deep-convective environments. For the q850–LTS combination (Fig. 12a), 612 

CTH maximizes under high humidity and low LTS, consistent with vigorous vertical development 613 

supported by strong buoyancy and ample moisture supply (Johnson et al., 1999). Compared with CBH, 614 

the dependence of CTH on humidity under unstable conditions is more gradual, indicating that processes 615 

aloft—such as entrainment, detrainment, and upper-level thermodynamic structure—also influence 616 

maximum cloud-top altitude. 617 

The LTS–WS700 pairing (Fig. 12b) indicates that CTH is largest under low LTS with moderate-to-618 

strong shear, consistent with the concept of “optimal shear” conditions that favour organized deep 619 
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convection (Weisman and Rotunno, 2000). Under high LTS, CTH remains low across all shear bins, 620 

reaffirming that stable stratification suppresses vertical development irrespective of dynamical forcing. 621 

For the q850–WS700 combination (Fig. 12c), CTH increases with both humidity and shear, with the highest 622 

values occurring when high q850 coincides with strong shear. This behaviour is consistent with shear-623 

enhanced convective organization when sufficient moisture is available, whereas under low humidity, 624 

increasing shear alone does not substantially elevate cloud tops. 625 

3.6.3 Cloud thickness 626 

Cloud thickness exhibits distinct joint-dependence characteristics (Fig. 13), reflecting its integrated 627 

sensitivity to both cloud-base and cloud-top processes. For the q850–LTS combination (Fig. 13a), the 628 

thickest clouds occur under high humidity and low LTS. CT shows a particularly strong dependence on 629 

stability when humidity is high, indicating that instability is critical for realizing large vertical extent once 630 

moisture requirements are satisfied. 631 

The LTS–WS700 relationship (Fig. 13b) shows that maximum CT tends to occur under low LTS with 632 

moderate shear. In contrast, strong shear under unstable conditions is associated with reduced CT, 633 

consistent with the dual role of shear: moderate shear can enhance organization, whereas excessive shear 634 

increases entrainment mixing and promotes detrainment that limits net cloud depth (Mellado and Stevens, 635 

2014; Helfer et al., 2020). Under high LTS, CT remains uniformly small and exhibits weak sensitivity to 636 

shear, again indicating that stability strongly constrains vertical development. 637 

For the q850–WS700 combination (Fig. 13c), CT increases primarily with q850, while shear influences 638 

CT more strongly under high-humidity conditions. When humidity is low, CT remains limited across all 639 

shear bins; when humidity is high, CT increases with shear up to moderate–strong values. These joint 640 

results further support the view that moisture availability is a necessary precondition for substantial cloud 641 

depth, while wind shear regulates the realized vertical extent by modulating organization and mixing. 642 

3.7 The land surface modulation of cloud vertical structure  643 

In addition to atmospheric thermal and dynamical factors, the vertical structure of clouds is 644 

influenced by underlying land-surface characteristics through their effects on PBL moisture, surface 645 

energy partitioning, and turbulence (e.g., Bonan, 2008; Fu et al., 2020; Wang et al., 2021). Because CBH 646 

is closely linked to PBL thermodynamics, it provides a useful metric for assessing surface–cloud 647 

coupling. To quantify land-surface influences, we compare CBH across land cover types under two 648 

conditions: (i) all clouds and (ii) afternoon single-layer clouds (Fig. 14), which are expected to exhibit 649 

stronger coupling to surface forcing during peak daytime heating. 650 
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3.7.1 All-cloud conditions  651 

Under all-cloud conditions, CBH exhibits substantial variability across land cover types, with 652 

interquartile ranges typically spanning approximately 1–6 km (Fig. 14). Barren land (type 10) shows the 653 

highest median CBH, consistent with limited surface moisture availability and a tendency toward higher 654 

lifting condensation levels and fewer low-base clouds. In contrast, vegetated surfaces (types 2–7) 655 

generally exhibit lower median CBH. Among these, evergreen broadleaf forest (type 2) and deciduous 656 

broadleaf forest (type 3) show the lowest median CBH, while grasslands (type 6) and croplands (type 7) 657 

display moderately low values. 658 

These contrasts can be interpreted in terms of land-cover biophysical properties. Forested regions 659 

typically sustain higher evapotranspiration, increasing boundary-layer moisture and supporting moisture 660 

recycling (Spracklen et al., 2012; Zhang et al., 2024). In addition, lower canopy albedo and greater surface 661 

roughness can enhance turbulent exchange, influencing boundary-layer growth and cloud formation. 662 

Collectively, these mechanisms favour cloud formation and can contribute to lower cloud bases over 663 

forests relative to sparsely vegetated or barren surfaces. This interpretation is consistent with 664 

observational and modeling studies demonstrating that land-use and land-cover change can modify CBH 665 

by altering the partitioning between sensible and latent heat fluxes and the resulting boundary-layer 666 

thermodynamics (Syktus and McAlpine, 2016; Xu et al., 2022; Duveiller et al., 2023). 667 

3.7.1 Afternoon single-layer clouds 668 

Afternoon single-layer clouds show an even clearer dependence of CBH on land cover type. As in 669 

the all-cloud case, the highest median CBH occurs over barren land (type 10), while the lowest median 670 

values are found over evergreen and deciduous broadleaf forests (types 2 and 3). Notably, the median 671 

CBH for afternoon single-layer clouds is systematically higher than for all clouds by ~41.5% on average, 672 

and the land-cover contrasts are amplified. For example, CBH over barren land is ~20.0% higher for 673 

afternoon single-layer clouds than under all-cloud conditions. Over evergreen broadleaf forest (type 2) 674 

and deciduous broadleaf forest (type 3), the corresponding increases are ~36.4% and ~55.9%, 675 

respectively. 676 

Two factors likely contribute to these systematic differences. First, single-layer cloud regimes often 677 

occur under relatively dry or weakly forced conditions, which can be associated with higher condensation 678 

levels than multi-layer or deep convective regimes. Second, peak daytime heating in the afternoon 679 

deepens the boundary layer and can raise cloud bases through enhanced turbulent mixing and increased 680 

boundary-layer temperature. The amplified land-cover contrasts during afternoon hours may also reflect 681 

enhanced sensitivity of boundary-layer evolution to surface heterogeneity under strong insolation. 682 
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Heterogeneous landscapes can generate mesoscale circulations and spatial gradients in moisture and heat 683 

fluxes that modulate cloud initiation and cloud-base height (Rieck et al., 2014). 684 

Overall, Fig. 14 demonstrates that land cover type exerts a measurable influence on CBH, with the 685 

strongest contrasts emerging for afternoon single-layer clouds. These results underscore the importance 686 

of surface-driven moisture supply, energy partitioning, and boundary-layer dynamics in shaping cloud-687 

base variability. Similar forest–open land contrasts in CBH have been reported in other regions (e.g., 688 

tropical montane environments using distributed sensor networks; Trivedi et al., 2025), suggesting that 689 

land-surface modulation of cloud vertical structure may be a robust feature across diverse geographic 690 

settings. 691 

4. Summary and concluding remarks 692 

This study presents the first national-scale, high-spatiotemporal-resolution characterization of cloud 693 

vertical structure (CVS) across China based on observations from a coordinated network of 80 Ka-band 694 

cloud radars. The dataset provides unprecedented detail—30 m vertical and 1 min temporal resolution—695 

enabling a comprehensive investigation of the spatial distribution, seasonal evolution, diurnal variability, 696 

and governing controls of cloud vertical structure. Our results demonstrate pronounced spatial, seasonal, 697 

and diurnal variability in CVS, reflecting strong modulation by monsoonal circulation, thermodynamic 698 

stratification, and regional terrain. 699 

The national annual mean cloud occurrence frequency is 56.7%, with single-layer clouds dominating 700 

(34.7%), followed by two-layer (14.7%) and multi-layer clouds (7.1%). Spatially, single-layer clouds are 701 

more prevalent over arid northwestern China, whereas multi-layer clouds occur more frequently in humid 702 

southeastern regions. This striking contrast highlights the regulatory role of moisture availability and 703 

atmospheric instability in shaping cloud vertical complexity. 704 

Cloud height exhibits clear seasonal modulation. CBH follows the order of summer > spring > 705 

autumn > winter, consistent with seasonal variations in solar heating and boundary-layer development. 706 

The Tibetan Plateau shows systematically lower CBH in spring and summer, reflecting the combined 707 

influence of lower ambient temperatures, terrain-induced lifting, and unique boundary-layer 708 

thermodynamics. Vertically, CBH displays a unimodal distribution dominated by low-level clouds, 709 

whereas CTH exhibits a bimodal structure, indicating the coexistence of shallow stratiform and deep 710 

convective cloud regimes across China. 711 

Diurnal variations in CVS are strongly seasonally dependent. In summer, upper-level cloud 712 

occurrence (3–9 km) peaks during the late afternoon (1600–2000 LT), driven by enhanced surface heating 713 

and convective instability. In winter, clouds are largely confined below 3 km and exhibit a near-sunrise 714 
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maximum (0600–0800 LT), consistent with nocturnal radiative cooling and stable boundary-layer 715 

conditions. Spring and autumn display transitional behaviour between these two regimes. 716 

Thermodynamic conditions exert the dominant control on CVS across China. Both CBH and CTH 717 

are positively correlated with the specific humidity at 850 hPa (q850) and negatively correlated with the 718 

lower-tropospheric stability (LTS), indicating that abundant moisture and reduced atmospheric stability 719 

favor the vertical development of clouds. The wind shear at 700 hPa (WS700) plays a secondary but 720 

systematic role: CTH and cloud thickness (CT) are predominantly negatively correlated with WS700, 721 

suggesting that strong wind shear suppresses vertical cloud growth by enhancing entrainment and 722 

disrupting organized updrafts. Joint analyses further reveal that high humidity combined with low LTS 723 

maximizes cloud vertical development, whereas high LTS constrains CVS regardless of moisture 724 

availability or wind shear magnitude. Wind shear exhibits nonlinear impacts on CVS: moderate shear 725 

occasionally supports organized convection under unstable thermodynamic conditions, but strong shear 726 

generally limits the vertical extent of cloud systems. 727 

Land cover type exerts a measurable influence on CBH, particularly for afternoon single-layer 728 

clouds. The median CBH of afternoon single-layer clouds is approximately 41.5% higher than that under 729 

all-cloud conditions, reflecting enhanced PBL growth during peak daytime solar heating. Among 730 

different land cover types, barren lands exhibit the highest CBH, likely due to the limited surface moisture 731 

supply and weak evapotranspiration. In contrast, forested regions display the lowest CBH, consistent with 732 

enhanced evapotranspiration, moisture recycling, and strong land–atmosphere coupling. The largest 733 

relative enhancement in afternoon CBH is observed over deciduous broadleaf forests (+55.9%), 734 

underscoring the amplification of land–atmosphere feedback processes under strong solar forcing. 735 

Overall, this study provides a high-resolution, observationally constrained dataset of CVS across 736 

China and establishes a quantitative framework linking CVS to its thermodynamic, dynamical, and land-737 

surface controls (schematically summarized in Fig. 15). These findings offer valuable observational 738 

constraints for evaluating and improving cloud parameterization schemes in numerical weather prediction 739 

(NWP) and climate models—critical for reducing uncertainties in simulating regional precipitation, 740 

energy balance, and climate feedbacks over China. Future work should extend this analysis to multi-year 741 

observational datasets to quantify the interannual variability of CVS and explore its role in extreme 742 

weather events (e.g., heavy rainfall, heatwaves) and regional climate feedback mechanisms. 743 

 744 
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Figures 1106 

 1107 

 1108 

Figure 1. Geographical distribution of millimeter-wave cloud radar (MMCR) stations across mainland 1109 

China in 2024. A total of 120 MMCR stations were in nationwide operation during this period. For 1110 

rigorous data quality control, stations with fewer than 100 valid annual observation days were excluded 1111 

from the subsequent analysis. Consequently, 80 stations that met this quality criterion are displayed in 1112 

the map, where the color of each station marker denotes the total number of days with valid observational 1113 

records at the corresponding site. 1114 
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 1116 

Figure 2. Flowchart for identifying the cloud vertical structure (CVS) from high-temporal-resolution 1117 

MMCR measurements. This flowchart comprises four sequential key steps in the CVS retrieval process: 1118 

first, the threshold method involves comparing the MMCR reflectivity 𝑍(𝑡: 𝑡 + 4, 𝑗) against the height-1119 
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dependent threshold 𝑍/%(𝑗) to generate the noise discrimination indicator 𝐼(𝑗), which distinguishes non-1120 

noise and noise layers; subsequently, the noise removal step identifies the start (𝐻3/-4/) and end (𝐻5!6) 1121 

height levels of non-noise layers based on the indicator 𝐼(𝑗); then, the variation method determines the 1122 

base (𝐻7-35) and top (𝐻/8.) height levels of moist layers by calculating the statistical variation (including 1123 

standard deviation and mean) of reflectivity within the identified non-noise layers; finally, the cloud 1124 

detection step retrieves the base height (𝐶𝐵𝐻(𝑛)) and top height (𝐶𝑇𝐻(𝑛)) of each cloud layer by 1125 

verifying the reflectivity magnitude of the moist layers, thereby yielding the final cloud vertical structure.  1126 
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 1128 

Figure 3. Spatial distribution of annual mean cloud occurrence frequency for different cloud layering 1129 

classifications: (a) all clouds, (b) single-layer clouds, (c) two-layer clouds, and (d) multi-layer clouds 1130 

(three-, four-, and five-layer clouds) under all-sky conditions in 2024. The data are derived from the 80 1131 

MMCR stations presented in Figure 1. Notably, the color bars are scaled independently across panels to 1132 

improve visual clarity. In addition, each panel show the histograms depicting the probability distributions 1133 

of cloud occurrence frequencies, with the corresponding mean values and standard deviations also 1134 

presented for each distribution. 1135 
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 1137 

Figure 4. Seasonal geographic distribution of cloud base height (CBH) over China in 2024, derived from 1138 

the 80 MMCR stations of the same network referenced in Figure 1. The four panels correspond to (a) 1139 

spring (March–April–May), (b) summer (June–July–August), (c) autumn (September–October–1140 

November), and (d) winter (December–January–February). Note that each panel presents a histogram 1141 

illustrating the probability distribution of cloud occurrence frequency, with the corresponding mean value 1142 

and standard deviation provided for each distribution. 1143 
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 1145 

Figure 5. Vertical distributions of annual and seasonal mean occurrence frequencies of (a) CBH and (b) 1146 

cloud top height (CTH), and (c) overall cloud occurrence across China in 2024. The annual mean is 1147 

plotted in black, while seasonal means for spring, summer, autumn, and winter are shown in red, blue, 1148 

green, and yellow, respectively. Data samples are binned at a vertical resolution of 200 m. At each altitude, 1149 

cloud occurrence frequency is defined as the ratio of cloudy samples at that altitude to the total number 1150 

of cloudy samples across all altitudes. Solid lines denote mean values, and shaded areas represent the 1151 

corresponding standard deviations. 1152 
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 1154 

Figure 6. Annual mean diurnal cycle of height-resolved cloud occurrence frequency and corresponding 1155 

vertical profiles derived from measurements at all 80 MMCR stations (Figure 1) across China in 2024. 1156 

Data samples are binned at a vertical resolution of 200 m and a temporal resolution of 30 minutes. Cloud 1157 

occurrence frequency at a given altitude is defined as the ratio of cloudy samples at that altitude to the 1158 

total number of cloudy samples across all altitudes. Also presented are the corresponding vertical 1159 

probability distributions of clouds.   1160 
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 1162 

Figure 7. Similar to Figure 6, but for the seasonal mean diurnal cycle of height-resolved cloud occurrence 1163 

frequency and corresponding vertical profiles over China in (a) spring, (b) summer, (c) autumn, and (d) 1164 

winter.  1165 
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 1167 
Figure 8. Spatial correlations of CBH, CTH, and cloud thickness (CT) with lower-tropospheric stability 1168 

(LTS), specific humidity at 850 hPa (q850), and 700 hPa vertical wind shear (WS700) across China (2024). 1169 

All atmospheric variables were spatially and temporally matched with the MMCR CBH observational 1170 

data to ensure the reliability of the correlation analysis. In each panel, the probability distribution of the 1171 

correlation coefficient is illustrated by a histogram, and the abbreviations “Pos” and “Neg” denote the 1172 

percentages of statistically significant positive and negative correlation coefficients across the entire study 1173 

domain, respectively.  1174 
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 1177 

Figure 9. Similar as Figure 8, but for the CTH.  1178 
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Figure 10. Similar as Figure 8, but for CT.  1180 
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 1183 

Figure 11. Bivariate regulation of CBH by thermodynamic and dynamical factors across China in 2024, 1184 

based on observations from 80 MMCR stations. Each panel illustrates the response of CBH to the 1185 

combined modulating effects of a specific pair of key atmospheric factors: (a) LTS and q850, (b) WS700 1186 

and LTS, and (c) WS700 and q850. All ERA5 reanalysis variables were spatially and temporally matched 1187 

with MMCR data to ensure the validity and reliability of this bivariate joint dependence analysis.  1188 
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 1192 

Figure 12. Similar as Figure 11, but for CTH.  1193 

  1194 

https://doi.org/10.5194/egusphere-2026-1091
Preprint. Discussion started: 6 March 2026
c© Author(s) 2026. CC BY 4.0 License.



50 
 
 

 

 

 

 

 

 1195 

 1196 

Figure 13. Similar as Figure 11, but for CT. 1197 

 1198 
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 1201 
Figure 14. Land-surface influence on CBH across China in 2024, based on 80 MMCR stations. Blue bars 1202 

indicate all-sky conditions, and red bars represent afternoon single-layer clouds. Land cover types are 1203 

derived from the MODIS Land Cover Type Yearly Climate Modeling Grid product (MCD12C1; 1204 

https://lsdsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MCD12C1).  1205 
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 1208 

Figure 15. Schematic diagram illustrating the characteristics and controlling factors of cloud vertical 1209 

structure (CVS) over China, as observed by the national Ka-band cloud radar network. (a) Spatial 1210 

distribution of the national Ka-band cloud radar network established in 2024. (b) Vertical profiles of cloud 1211 

occurrence frequency for summer (red) and winter (blue), highlighting seasonal differences in cloud 1212 

vertical distribution. (c) Key thermodynamic, dynamical, and land-surface factors controlling CVS, with 1213 

upward and downward arrows indicating the corresponding increases and decreases in CBH, CTH, and 1214 

CT. 1215 
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