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Abstract. Marine stratocumulus cloud (MSC) evolution is strongly influenced by boundary-layer coupling and turbulent 10 

mixing. However, under decoupled conditions, the impacts of specific humidity inversions (SHIs) on in-cloud mixing and 

microphysical evolution remain poorly constrained by in situ observations. Here, 12 persistently decoupled MSC cases from 

six flights during VOCALS-REx, POST, and ACE-ENA are analyzed to examine cloud microphysical, mixing, and radiative 

evolution with and without SHIs. Persistent decoupling generally suppresses MSC maintenance, reducing cloud thickness, 

liquid water content (𝐿𝑊𝐶), mean droplet radius (𝑟𝑚), and droplet spectral width. Without SHIs, dry air entrainment drives 15 

substantial upper-cloud 𝐿𝑊𝐶  depletion under inhomogeneous mixing (IM)-dominated conditions, characterized by 

preferential evaporation of small droplets and super-adiabatic droplet formation, reducing cloud optical thickness (τ), albedo, 

and shortwave cloud radiative forcing. Conversely, when SHIs are present, moist air entrainment suppresses evaporative losses 

and modifies the microphysical consequences of IM by favoring collision–coalescence growth. Consequently, droplet spectra 

broaden toward larger sizes, super-adiabatic droplets form more readily, cloud dissipation is mitigated, and shortwave radiative 20 

forcing can be maintained or enhanced. Under sustained cloud-top moisture supply, SHIs can even support cloud maintenance 

or redevelopment. However, when droplet growth becomes sufficiently strong to promote precipitation-related cloud-water 

loss, cloud water and optical thickness may decline despite SHIs. Collectively, the observations suggest that MSCs under 

persistently decoupled boundary-layer conditions may follow distinct evolutionary pathways, including evaporative 

dissipation, moisture-driven cloud maintenance or redevelopment, and, in some cases, precipitation-related dissipation. These 25 

pathways have important implications for representing low-cloud shortwave radiative feedbacks in climate models. 

1 Introduction 

Marine stratocumulus cloud (MSC) exerts a substantial cooling effect on the Earth’s radiation budget and represents one of 

the most important cloud regimes influencing the global climate system (Hartmann et al., 1992; Stephens and Greenwald, 

1991; Wood, 2012; Yeom et al., 2021). MSC predominantly occurs within marine boundary layers under subtropical high-30 
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pressure systems, particularly over the eastern ocean basins along the western coasts of major continents. MSC covers 

approximately 20% of the global ocean surface, with annual mean cloud fractions exceeding 60% in some regions(Hahn and 

Warren, 2007; Wood, 2012; Yeom et al., 2024). MSC strongly reflects incoming solar radiation (Chen et al., 2000) while 

exerting only a weak influence on outgoing longwave radiation, thereby producing a strong net cooling effect that substantially 

influences the Earth’s radiation balance (Hartmann et al., 1992; Stephens and Greenwald, 1991). Cloud albedo is highly 35 

sensitive to the size and number distributions of cloud droplets (Twomey, 1974), such that even small variations in cloud 

fraction or cloud thickness can induce radiative forcing changes comparable in magnitude to those associated with increasing 

greenhouse gas concentrations (Hartmann and Short, 1980; Slingo, 1990). In addition, the microphysical and dynamical 

structures of MSC are highly sensitive to boundary-layer coupling state, turbulent mixing processes, and aerosol 

physicochemical properties (Desai et al., 2021; Duda et al., 1991; Glassmeier and Feingold, 2017; Prabhakaran et al., 2020; 40 

Yeom et al., 2021, 2024). Incomplete understanding of these interacting processes makes marine low clouds one of the major 

sources of uncertainty in climate sensitivity estimates (Cess et al., 1989; Mellado, 2017; Stevens, 2000; Wang et al., 2014; 

Yeom et al., 2021). 

The maintenance of MSC primarily depends on turbulent mixing driven by cloud-top longwave radiative cooling and 

continuous moisture supply from the ocean surface. However, MSC exhibits pronounced horizontal and vertical 45 

inhomogeneity and is frequently accompanied by small-scale structures and drizzle processes, resulting in complex 

microphysical and radiative characteristics that remain difficult to parameterize accurately in global climate models (Brunke 

et al., 2022; Desai et al., 2021; Duda et al., 1991; Glassmeier and Feingold, 2017). The horizontal and vertical structures of 

MSC are closely linked to the thermodynamic structure of the boundary layer in which it is embedded (Albrecht et al., 1995; 

Bretherton et al., 2004, 2010; Wood and Hartmann, 2006). The stratocumulus-topped boundary layer (STBL), which covers 50 

extensive oceanic regions, is a key component of the climate system (Klein and Hartmann, 1993). Its structure is jointly 

regulated by surface sensible and latent heat fluxes, cloud-top longwave radiative cooling, evaporative cooling, and 

entrainment of warm and dry free-tropospheric air (Shin and Ha, 2009). Among these processes, convective instability induced 

by cloud-top longwave radiative cooling is the primary source of turbulence within the STBL, while surface buoyancy, wind 

shear, latent heat release, evaporative cooling, and cloud-top entrainment further enhance turbulent activity (Gerber et al., 2016; 55 

Lilly, 1968; Mellado, 2017; Stevens, 2002). Consequently, the thermodynamic structure and turbulent mixing characteristics 

of the STBL strongly depend on the degree of coupling between MSC and surface fluxes, particularly latent and sensible heat 

fluxes (Bretherton and Wyant, 1997; Xiao et al., 2011; Zheng et al., 2018b). Variations in coupling state directly modify the 

thermodynamic structure, moisture distribution, and cloud microphysical properties, thereby influencing MSC maintenance 

and radiative effects. 60 

Decoupling refers to the separation of turbulent structures within the boundary layer arising from changes in buoyancy forcing 

and is particularly pronounced in cloud-topped boundary layer (CTBL), where it plays an important role in boundary-layer 

structure and MSC evolution (Bretherton and Wyant, 1997; Siebert et al., 2021). The decoupling process within the STBL is 

closely related to cloud radiative effects. During daytime, solar shortwave heating penetrates into the cloud layer and, together 
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with cloud-top longwave cooling, can destabilize the cloud layer and trigger separation between the cloud and sub-cloud layers 65 

(Considine, 1997; Driedonks and Duynkerke, 1989). Nicholls (1984) and Slingo et al. (1982) emphasized that such radiation-

induced decoupling plays a key role in MSC dynamics. Once the boundary layer becomes decoupled, its mixing characteristics 

fundamentally change: moisture transport from the sea surface to the cloud layer is cut off, while entrained warm and dry air 

primarily heats and dries the cloud layer itself rather than mixing throughout the entire boundary layer, as occurs under coupled 

conditions (Driedonks and Duynkerke, 1989). Under these conditions, the boundary layer often exhibits pronounced vertical 70 

stratification, and the maintenance of in-cloud turbulence depends not only on cloud-top radiative cooling but also on wind 

shear and atmospheric stability (Chechin et al., 2023). Such dynamical changes directly influence cloud microphysical 

properties (Considine, 1997; Greenwald and Christopher, 2000). Because turbulent fluctuations play a critical role in aerosol 

activation (Prabhakaran et al., 2020), reduced turbulence intensity under decoupled conditions may suppress supersaturation 

fluctuations, thereby affecting activation processes and altering cloud droplet concentrations (Considine, 1997; Greenwald and 75 

Christopher, 2000). Previous studies, based on theoretical analyses and satellite observations, have demonstrated that 

decoupling substantially influences MSC dynamical structure and large-scale radiative effects (Bretherton and Wyant, 1997; 

Goren et al., 2018; Zheng et al., 2018a, b). 

Turbulent entrainment and mixing are among the primary processes causing observed cloud droplet spectra to deviate from 

idealized adiabatic condensational growth theory (Yeom et al., 2017). In warm clouds, mixing between environmental dry air 80 

and cloudy air is commonly conceptualized as two limiting mechanisms: homogeneous mixing (HM) and inhomogeneous 

mixing (IM) (Baker et al., 1980; Warner, 1973; Yeom et al., 2017). Under HM conditions, all droplets experience similar 

evaporation rates, resulting in simultaneous decreases in droplet number concentration (𝑁c) and mean droplet size. In contrast, 

IM primarily reduces 𝑁c while exerting relatively small influences on mean droplet size (Yeom et al., 2017). Previous studies 

have shown that the humidity of entrained air directly influences the evolution of mixing processes by regulating droplet 85 

evaporation rates and evaporation timescales. Lower environmental humidity accelerates droplet evaporation and favors IM, 

whereas higher humidity suppresses evaporation and allows turbulent mixing to develop more fully, thereby favoring HM 

(Gerber et al., 2008; Xu et al., 2022). 

From a synoptic-scale perspective, the boundary layer exchanges heat, moisture, and momentum with the overlying free 

troposphere through turbulent processes. Consequently, free-tropospheric conditions strongly influence the evolution of 90 

boundary-layer clouds (Desai et al., 2021; Duda et al., 1991; Glassmeier and Feingold, 2017; Yeom et al., 2021, 2024). In 

recent years, increasing attention has been paid to the influence of free-tropospheric humidity structure on MSC evolution. Of 

particular relevance are specific humidity inversions (SHIs)—layers in which specific humidity increases with height near or 

above the cloud top, counter to the typical monotonic decrease expected in the free troposphere (Egerer et al., 2021; Nicholls 

and Leighton, 1986; Wood, 2012). Previous studies have shown that SHIs can weaken cloud-top radiative cooling by 95 

enhancing downward longwave radiation and suppress turbulent entrainment by reducing evaporative cooling, thereby 

influencing boundary-layer deepening and cloud lifetime (Dodson and Small Griswold, 2021; Eastman and Wood, 2018; 

Egerer et al., 2021). However, because SHIs in field observations frequently co-vary with inversion strength, large-scale 
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subsidence, and other environmental conditions, humidity-induced feedbacks are often difficult to isolate from broader 

thermodynamic background effects (Dodson and Small Griswold, 2021; Eastman and Wood, 2018). Egerer et al. (2021) 100 

revealed the impacts of SHIs on radiative and entrainment processes through detailed case observations, but comparable multi-

case observational analyses remain limited. 

Although previous studies have recognized the importance of both decoupling and cloud-top humidity structure, systematic 

observational evidence for common physical response mechanisms across different oceanic regions under persistently 

decoupled conditions remains limited. The present study analyzes 12 persistently decoupled MSC cases from the POST, 105 

VOCALS-REx, and ACE-ENA field campaigns, which sampled diverse oceanic regions including the southeastern Pacific, 

the California coast, and the North Atlantic. These campaigns provide a broad range of cloud-top humidity environments and 

high-resolution aircraft in situ observations capable of simultaneously characterizing cloud microphysical structure and 

turbulent mixing processes. Combined with radiative transfer calculations, these observations also enable diagnosis of 

shortwave cloud radiative forcing responses. Using these datasets, this study aims to identify common evolutionary 110 

characteristics of MSC microphysical structure, in-cloud mixing, and shortwave cloud radiative forcing under persistently 

decoupled conditions. Particular emphasis is placed on understanding how SHIs systematically modulate these evolutionary 

processes and thereby provide observational constraints for parameterizing low-cloud shortwave radiative feedback in climate 

models. 

2 Data and methods 115 

2.1 Data 

This study is based on aircraft in situ observations from three field campaigns targeting MSC: VOCALS-REx, POST, and 

ACE-ENA. These campaigns were conducted over different oceanic regions and under distinct meteorological conditions, 

providing comprehensive measurements of boundary-layer thermodynamic structure, turbulent characteristics, and cloud 

microphysical properties. Together, these datasets provide a multi-case observational basis for investigating MSC evolution 120 

under persistently decoupled conditions and the modulating effects of SHIs. 

The VOCALS-REx campaign (Wood et al., 2011) was conducted over the southeastern Pacific Ocean (10–30° S, 90° W to 

the Andes) during October and November 2008. This region, characterized by cold sea surface temperatures and large-scale 

subsidence, is one of the most representative marine stratocumulus regions worldwide. In this study, aircraft in situ 

observations collected by the CIRPAS Twin Otter aircraft are used. Flights were centered on Point Alpha (20° S, 72° W) and 125 

employed stacked horizontal flight legs at multiple levels. Individual flight legs were approximately 50–100 km in length and 

sampled below-cloud, in-cloud, and above-cloud layers at a true airspeed of approximately 60 m s−1 . Turbulence and 

thermodynamic variables, including three-dimensional wind components, temperature, and humidity, were measured at 40 Hz 

using the AIMMS-20 probe system and corrected for aircraft motion using INS/GPS data. Cloud microphysical properties, 
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including droplet size distributions, 𝑁c, and liquid water content (𝐿𝑊𝐶), were measured at 1 Hz using the cloud and aerosol 130 

spectrometer (CAS) channel of the CAPS probe, which measures droplet diameters in the range of approximately 0.6–50 μm. 

The POST (Physics of Stratocumulus Top) campaign was conducted off the coast of Monterey Bay, California (35–39° N, 

120–125° W), during July and August 2008, with the primary objective of investigating entrainment processes near MSC top 

and boundary-layer evolution(Gerber et al., 2010). Observations were performed using the CIRPAS Twin Otter aircraft, with 

approximately 17 research flights completed. Flight strategies primarily consisted of porpoising maneuvers vertically about 135 

the cloud-top region to detect fine-scale behavior, supplemented by horizontal flight legs below cloud and vertical profiles 

through the boundary layer. The aircraft true airspeed was approximately 55 m s−1, and the vertical velocity during cloud-top 

penetrations was approximately 1.5 m s−1. Turbulence and thermodynamic variables were measured using the University of 

California Irvine (UCI) 40 Hz turbulence probe package, including a gust probe for three-dimensional wind measurements, 

temperature, and humidity, with aircraft-motion corrections applied using INS/GPS data. Cloud microphysical properties, 140 

including droplet size distributions, 𝑁c, and 𝐿𝑊𝐶, were measured at 1 Hz using the CAS channel of the CAPS probe, which 

measures droplet diameters in the range of approximately 0.5–50 μm. 

The ACE-ENA (Aerosol and Cloud Experiments in the Eastern North Atlantic) campaign was supported by the Atmospheric 

Radiation Measurement (ARM) program of the U.S. Department of Energy and conducted over the northeastern Atlantic near 

the Azores during June–July 2017 (IOP1, summer) and January–February 2018 (IOP2, winter)(Wang et al., 2022). This region 145 

is influenced by multiple aerosol sources and is characterized by persistent and diverse subtropical marine boundary-layer low 

clouds. Observations were performed using the ARM Aerial Facility (AAF) Gulfstream-1 (G-1) aircraft. This study uses data 

collected during the first intensive operational period (21 June–20 July 2017). Aircraft operations were based at Lajes Airport 

on Terceira Island, approximately 90 km from the ENA ground site. Flight strategies included spiral ascents and descents 

together with stacked horizontal flight legs spanning below-cloud, in-cloud, cloud-top, and free-tropospheric layers over 150 

distances of several tens of kilometers. Flight directions included both along-wind and cross-wind sampling. Turbulence and 

thermodynamic variables, including three-dimensional wind components, temperature, humidity, and pressure, were measured 

at 20 Hz using the AIMMS-20 probe system. The horizontal wind speed accuracy was 0.50 m s−1 , and the temperature 

accuracy was 0.30 °C. Aircraft-motion corrections were performed using INS/GPS data. Cloud microphysical properties, 

including droplet size distributions and 𝑁c , were measured at 1 Hz using the Fast Cloud Droplet Probe (FCDP), which 155 

measures droplet diameters in the range of 1–50 μm with an approximate resolution of 3 μm. It should be noted that counting-

efficiency corrections were not applied for the 1–10 μm size range. 

To facilitate intercomparison among different campaigns and cases, all multi-instrument datasets were synchronized and 

aligned according to their timestamps, and data were resampled to common temporal resolutions when necessary. For analyses 

of vertical structure, altitude coordinates were normalized to reduce the influence of differences in cloud thickness and 160 

boundary-layer height among individual cases. Depending on the analysis objective, normalized heights were defined relative 

to either boundary-layer-top height or cloud thickness (see Sect. 2.2 for details). 
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2.2 Methods 

To identify the common evolutionary characteristics of MSC under persistently decoupled conditions, this study adopts a 

multi-case composite analysis framework. Unlike studies emphasizing inter-case differences, the present work aims to extract 165 

common relationships among boundary-layer structure, turbulent characteristics, and cloud microphysical responses across 

multiple cases observed under different environmental conditions. It should be noted that cases without SHIs are primarily 

derived from VOCALS-REx observations, whereas cases with SHIs mainly originate from POST and ACE-ENA. This 

distribution reflects not only regional differences in cloud-top humidity structure but also possible influences of large-scale 

environmental conditions. To minimize the impact of regional differences among observational campaigns, the analysis 170 

focuses primarily on relative variations and vertical structural characteristics of physical variables rather than direct 

comparisons of their absolute magnitudes. To ensure inter-case comparability, consistent criteria for coupling state 

classification, boundary-layer height determination, and vertical normalization are applied throughout the analysis. 

2.2.1 Determination of coupled and decoupled states 

Following Jones et al. (2011), the coupled or decoupled state of the STBL is diagnosed based on the degree of turbulent mixing 175 

within the boundary layer. A coupled state corresponds to relatively uniform vertical distributions of conserved thermodynamic 

variables. 

Specifically, the boundary layer is classified as coupled when both the liquid water potential temperature difference (Δ𝜃l) and 

total water mixing ratio difference (Δ𝑞t) between the top and bottom of the sub-cloud layer are sufficiently small: 

∆𝜃l < 0.5 K, ∆𝑞t < 0.5 g kg−1,           (1) 180 

where Δ𝜃l and Δ𝑞t denote the differences between the upper and lower portions of the sub-cloud layer. Cases in which at least 

one criterion is not satisfied are classified as decoupled, indicating insufficient turbulent mixing within the boundary layer. 

2.2.2 Cloud identification, boundary-layer-top height, and vertical normalization 

To ensure that the full vertical structure of the STBL was captured, only flight segments extending from the sub-cloud layer 

to above the cloud top were retained for analysis. Cloud samples were identified following Yeom et al. (2017) using thresholds 185 

of 𝐿𝑊𝐶 > 0.001 g m−3 and 𝑁c > 10 cm−3.  

Following Dodson and Small Griswold (2021), the boundary-layer-top height (𝑧i) is defined as the altitude at which both the 

vertical gradient of water vapor mixing ratio satisfies 𝜕𝑞/𝜕𝑧 ≥ 0.1 g kg−1 and the potential temperature gradient satisfies 

𝜕𝜃/𝜕𝑧 ≥ 0.2 K. 

To improve inter-case comparability of vertical structures, all variables are analyzed using normalized height coordinates. For 190 

analyses of boundary-layer structure, turbulent characteristics, and vertical cloud droplet spectral features, the normalized 

height is defined relative to the boundary-layer-top height as 𝑧 𝑧i⁄ , where 𝑧 is the geometric altitude, such that the boundary-
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layer top corresponds to a normalized height of 1. For in-cloud microphysical analyses, the normalized cloud-relative height 

is defined as (𝑧 − 𝑧base) (𝑧top − 𝑧base)⁄ , where 𝑧base and 𝑧top represent cloud-base and cloud-top heights, respectively. This 

normalization emphasizes relative in-cloud structural characteristics while minimizing the influence of differences in cloud 195 

thickness among cases. 

2.2.3 Turbulence and thermodynamic parameters 

Turbulent characteristics are quantified using statistical moments derived from high-frequency observations. Turbulent kinetic 

energy (𝑇𝐾𝐸), representing turbulence intensity, is defined as:  

𝑇𝐾𝐸 =  
1

2
( 𝑢′2̅̅ ̅̅  +  𝑣′2̅̅ ̅̅  +  𝑤′2̅̅ ̅̅̅),           (2) 200 

where 𝑢′, 𝑣′, and 𝑤′denote perturbations of the three-dimensional wind components. The third-order moment of vertical 

velocity (𝑤′3) is calculated from Reynolds decomposition averaged along the flight leg and is used to characterize the direction 

and intensity of turbulent transport (Dodson and Small Griswold, 2021; Nowak et al., 2021). 

The lifting condensation level (𝑍LCL) is used to characterize the thermodynamic structure of the sub-cloud layer, and its vertical 

variation reflects the degree of boundary-layer coupling: 205 

𝑍LCL =
𝑇LCL−𝑇

−9.8
× 1000,            (3) 

where 𝑇LCL is the temperature at 𝑍LCL, given by 𝑇LCL = {55 + [
1

𝑇−55
−

𝑙𝑛
𝑅𝐻

100

2840
]

−1

}, with 𝑇 being the absolute temperature and 

𝑅𝐻 the relative humidity (Bolton, 1980). 

To identify transition layers within the boundary layer, the stability parameter 𝜇 proposed by Yin and Albrecht (2000) is 

introduced: 210 

𝜇 = −
𝜕𝜃

𝜕𝑝
+

𝜀𝜃

1+𝜀𝑞v

𝜕𝑞v

𝜕𝑝
,            (4) 

Where 𝜀 =
𝑅V

𝑅d
− 1，𝑅V and 𝑅d are the gas constants for water vapor and dry air, respectively. A transition layer is considered 

to exist when 𝜇 exceeds 1.3 times the boundary-layer mean value. 

Static stability is quantified using the Brunt–Väisälä frequency squared (𝑁𝑏2): 

𝑁𝑏2 =
𝑔

𝜃V

𝜕𝜃V

𝜕𝑧
,             (5) 215 

where 𝜃V is virtual potential temperature and 𝑔 is gravitational acceleration.  

The horizontal wind shear rate (𝑆ℎ2) is defined as:  

𝑆ℎ2 = (
𝜕𝑢

𝜕𝑧
)

2

+ (
𝜕𝑣

𝜕𝑧
)

2

,            (6) 
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where 𝑢 and 𝑣 are the horizontal wind components. Larger 𝑁𝑏2 and 𝑆ℎ2 values indicate stronger static stability and stronger 

wind-shear contributions to boundary-layer turbulence respectively. The transition-layer criterion and turbulence diagnostics 220 

follow Nowak et al. (2021). 

2.2.4 Cloud microphysical properties and mixing diagnostics 

Cloud microphysical parameters are calculated from cloud droplet size distributions measured by the CAS or FCDP probes. 

Derived variables include 𝑁c, 𝐿𝑊𝐶, mean droplet radius (𝑟m), droplet spectral standard deviation (𝜎m), and relative dispersion 

(𝑑), where 𝑑 = 𝜎m 𝑟m⁄  characterizes the relative width of the droplet size distribution.  225 

To quantify the intensity of collision–coalescence processes, the collision–coalescence threshold parameter (𝑇f) proposed by 

Desai et al. (2021) is introduced: 

𝑇f =
𝑃

𝑃0
= [

∫ 𝑟6𝑛(𝑟)𝑑𝑟
∞
𝑟t

∫ 𝑟6𝑛(𝑟)𝑑𝑟
∞

0

] [
∫ 𝑟3𝑛(𝑟)𝑑𝑟

∞
𝑟t

∫ 𝑟3𝑛(𝑟)𝑑𝑟
∞

0

],          (7) 

where the autoconversion threshold radius is 𝑟t ≈ 4.09 × 10–4𝛽con
1/6 𝑁c

1/6

𝐿𝑊𝐶1/3，with 𝛽con = 1.15 × 1023  being an empirical 

coefficient. Larger 𝑇f values indicate stronger collision–coalescence growth. 230 

To quantify the degree of mixing homogeneity, the homogeneous mixing degree (𝜓) is defined as: 

𝜓 =
arctan(

1−r3 r0
3⁄

1−N N0⁄
)

π 2⁄
,            (8) 

where 𝜓 = 1 corresponds to ideal HM, in which entrained air mixes uniformly with cloudy air and all droplets experience 

similar evaporation fractions. Conversely, 𝜓 = 0 corresponds to ideal IM, in which entrained air mixes only with part of the 

cloud volume, leading to complete evaporation of droplets within that portion. Negative 𝜓 values indicate the presence of 235 

super-adiabatic droplets (Desai et al., 2021). 

A mixing diagram is further introduced to characterize in-cloud turbulent entrainment and mixing mechanisms (Yeom et al., 

2017). The mixing fraction 𝛼 is defined as: 

𝛼 =
𝐿𝑊𝐶

𝐿𝑊𝐶a
=

𝑁c

𝑁a

𝑉

𝑉a
=

𝑁c

𝑁a

𝑟m
3

𝑟a
3 ,           (9) 

where 𝐿𝑊𝐶a is the maximum 𝐿𝑊𝐶, 𝑁a is the 𝑁c corresponding to the 𝐿𝑊𝐶a, and 𝑉a and 𝑟𝑎 denote the corresponding droplet 240 

volume and radius, respectively. 

2.2.5 Radiative characterization 

To evaluate the radiative impacts of persistent decoupling on MSC evolution, the Santa Barbara DISORT Atmospheric 

Radiative Transfer (SBDART) model (Ricchiazzi et al., 1998) is used to calculate cloud radiative effects for each case. 

SBDART is based on the plane-parallel atmosphere assumption and solves the radiative transfer equation using the discrete-245 

ordinate method (DISORT). The shortwave spectral range is set to 0.25–4.0 μm, and the surface albedo is prescribed as ocean 
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type. Solar zenith angles corresponding to the actual observational periods are used as model input. Background atmospheric 

profiles are constructed from aircraft in situ observations. Within the boundary layer, observed temperature, pressure, and 

water vapor profiles are used directly, while the upper atmosphere is supplemented using a midlatitude standard atmosphere 

profile to produce a complete atmospheric structure extending from the surface to 100 km altitude. 250 

Cloud radiative effects are characterized using cloud optical thickness (𝜏) and cloud effective radius (𝑟e), which serve as key 

inputs for the radiative transfer calculations. 

Based on these calculations, the top-of-atmosphere shortwave cloud radiative forcing (𝑆𝑊 𝐶𝑅𝐹TOA) is defined as: 

𝑆𝑊 𝐶𝑅𝐹TOA = −(𝐹TOA,cld
↑  −  𝐹TOA,clr

↑ ),          (10) 

where 𝐹TOA,cld
↑  and 𝐹TOA,clr

↑  denote the upward shortwave radiative fluxes at the top of the atmosphere under cloudy and clear-255 

sky conditions, respectively. 

The planetary albedo (𝐴) is defined as:  

𝐴 =
𝐹TOA

↑

𝐹TOA
↓ ,             (11) 

where 𝐹TOA
↑  is the upward shortwave radiative flux at the top of the atmosphere and 𝐹TOA

↓  is the incoming shortwave radiative 

flux at the top of the atmosphere. To quantify the net influence of clouds on the reflectivity of the Earth–atmosphere system, 260 

the albedo difference (Δ𝐴) is further defined as: 

Δ𝐴 = 𝐴cld  −  𝐴clr,            (12) 

where 𝐴cld and 𝐴clr represent the planetary albedo under cloudy and clear-sky conditions, respectively.  

3 Results 

3.1 Selection of decoupled boundary-layer cases and analysis of boundary-layer characteristics 265 

Six representative research flights from the three observational datasets were selected for analysis and are hereafter referred to 

as V-RF06, V-RF09, V-RF15, P-RF04, A-0707, and A-0711. Each flight included two observational cases separated by 

approximately 1–2 h within the same flight, yielding a total of 12 analyzed cases. Because the large-scale environmental 

conditions varied only weakly within a single flight, the systematic evolution of cloud microphysical properties between the 

two cases can be used to characterize MSC responses under persistently decoupled conditions. Figure 1 presents the time–270 

height flight trajectories and 𝐿𝑊𝐶 distributions for all flights. Each analysis period (yellow shaded region) includes a complete 

vertical profile extending from near the sea surface, through the sub-cloud layer and the stratocumulus layer, and into the free 

atmosphere above the boundary-layer top, thereby providing comprehensive sampling for subsequent analyses of 

thermodynamic structure and cloud microphysical properties. 
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 275 

Figure 1: Time–height distribution of flight altitude (blue lines) and liquid water content (𝑳𝑾𝑪, red dots) for all study cases. Yellow 

shaded areas indicate the analyzed periods. 

Based on these complete cases, Fig. 2 further presents the vertical profiles of 𝜃l  and 𝑞t  for all cases. All cases exhibit 

pronounced boundary-layer decoupling structures. Unlike coupled boundary layers, in which 𝜃l and 𝑞t remain nearly constant 

from the surface to the top of the MSC layer, these cases display distinct vertical gradients of 𝜃l and 𝑞t within the sub-cloud 280 

layer (Nowak et al., 2021). Such structures indicate suppressed turbulent mixing within the boundary layer, insufficient 

exchange between the surface layer and the cloud layer, and consequently weakened vertical transport processes.  

The degree of decoupling in each case is further quantified in Table 1 using the differences in 𝜃l and 𝑞t between the lower and 

upper portions of the sub-cloud layer, denoted as ∆𝜃l and ∆𝑞t, respectively. According to the decoupling criteria described in 

Sect. 2.2.1, all 12 cases satisfy the decoupling conditions. The two V-RF06 cases (∆𝜃l= 1.28 K and 0.94 K) primarily exhibit 285 

thermodynamic stratification, whereas their ∆𝑞t values remain below the threshold. In contrast, the remaining 10 cases exceed 

both threshold values simultaneously. Among them, A-0707 exhibits the strongest decoupling signatures, with ∆𝜃l values of 

10.52 and 11.74 K and corresponding ∆𝑞t values of 8.72 and 8.95 g kg−1. Notably, both cases within each flight, despite being 

separated by 1–2 h, consistently satisfy the decoupling criteria, indicating that the decoupled state persisted throughout the 

observation periods. This persistent decoupling provides a stable dynamical background for subsequent analyses of MSC 290 

microphysical evolution. 

Under this persistently decoupled background, the profiles in Fig. 2 reveal systematic differences in humidity structure near 

the cloud top among the analyzed cases. In the six cases from V-RF06, V-RF09, and V-RF15, no evident humidity inversion 

is observed near the cloud top, and 𝑞t decreases rapidly with height near the boundary-layer top (Fig. 2a–f). In contrast, the 

six cases from P-RF04, A-0707, and A-0711 exhibit pronounced SHIs, characterized by 𝑞t increasing or remaining nearly 295 

constant with height above the cloud top (Fig. 2g–l). In the cases with humidity inversions, the relative position between the 

inversion layer and the cloud top evolves with time. Specifically, in the two P-RF04 cases, the humidity inversion initially 
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remains directly attached to the cloud top (Fig. 2g) but later becomes separated from the cloud top by a finite distance (Fig. 

2h). The two A-0707 cases exhibit a similar tendency, with the humidity inversion gradually detaching upward from the cloud 

top over time (Fig. 2i, j). In contrast, the SHIs in the two A-0711 cases remain continuously connected to the cloud top 300 

throughout the observations (Fig. 2k, l). 

 

Figure 2: Vertical profiles of liquid water potential temperature (𝜽𝐥) and total water mixing ratio (𝒒𝐭) for all cases. Dashed horizontal 

lines indicate cloud base and cloud top. The vertical coordinate is normalized by the boundary layer height (𝒛 𝒛𝒊⁄  ). 

Table 1. Flight Periods, Sub-cloud 𝜽𝐥 and 𝒒𝐭 Gradients of the Studied Cases. 305 

Date Case Local time (LT) ∆𝜃l (K) ∆𝑞t (g kg−1)  

2008.10.24 
V-RF06-1 08:51:25-09:31:43 1.28 0.41 

V-RF06-2 10:01:55-10:41:53 0.94 0.14 

2008.10.29 
V-RF09-1 07:55:05-08:10:05 1.75 1.22 

V-RF09-2 09:12:55-09:23:25 2.37 1.40 

2008.11.08 
V-RF15-1 07:54:55-08:09:37 1.78 1.28 

V-RF15-2 09:39:55-09:55:45 1.04 0.80 

2008.07.21 
P-RF04-1 11:11:55-11:19:55 0.78 0.92 

P-RF04-2 13:58:56-14:05:56 1.06 1.29 

2017.07.07 
A-0707-1 09:34:33-09:43:53 10.52 8.72 

A-0707-2 10:01:13-10:14:53 11.74 8.95 

2017.07.11 
A-0711-1 09:23:00-09:36:00 9.56 3.21 

A-0711-2 11:25:00-11:35:00 5.76 3.91 

Figure 3 shows that 𝑇𝐾𝐸 exhibits large values near the surface and gradually decreases with height in all cases. Meanwhile, 

𝑤′3 is predominantly positive near the surface, indicating upward-developing turbulence generated by surface forcing. As 
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altitude increases, 𝑇𝐾𝐸 progressively weakens, reflecting the gradual dissipation of turbulence during upward transport due to 

molecular viscosity and related damping processes. Near the cloud top, 𝑇𝐾𝐸 again exhibits enhanced values that decrease 

downward with decreasing altitude. Combined with the negative values of 𝑤′3, this feature suggests that the turbulence near 310 

cloud top is primarily generated by downward motions induced by cloud-top radiative cooling and weakens as it propagates 

downward. In the sub-cloud layer, however, 𝑇𝐾𝐸  reaches a minimum and forms a distinct low-value region where 𝑤′3 

approaches zero, corresponding approximately to the decoupled layer. Although the altitude and thickness of the decoupled 

layer vary among cases, all cases consistently exhibit this characteristic pattern of turbulence generated from both the surface 

and cloud top but weakened within the middle layer, further confirming the persistent existence of decoupling during the 315 

observation periods. 

 

Figure 3. Same as Figure 2 but for turbulent kinetic energy (𝑻𝑲𝑬) and third-order moment of vertical velocity (𝒘′𝟑). 

To more precisely determine the location of the transition layer, Fig. 4 presents the vertical distributions of 𝑍LCL, 𝜇, 𝑁𝑏2, and 

𝑆ℎ2 for the V-RF06 cases as representative examples. 320 

Figure 4a shows that, in the V-RF06-1 case, 𝑍LCL varies only weakly with height within the normalized boundary-layer height 

range of 0.50–0.85 and gradually approaches a nearly constant value. This behavior indicates relatively dry air within this 

layer that is weakly influenced by upward turbulent transport from lower levels, representing a typical signature of boundary-

layer decoupling. Within the same altitude range, 𝜇 exhibits pronounced fluctuations and locally reaches or slightly exceeds 

the threshold value of 0.014 (Fig. 4a), reflecting the presence of a thermodynamically stable transition layer beneath the cloud 325 

that suppresses turbulence. 𝑁𝑏2 remains positive and nearly constant throughout most of the layer, including the cloud layer, 

while 𝑆ℎ2 remains small near both the surface and within the cloud (Fig. 4b). These features indicate strong static stability in 

the sub-cloud layer, limiting the upward transport of surface-generated turbulence and thereby favoring decoupling. In Fig. 2a, 

𝜃l and 𝑞t also exhibit pronounced gradient changes near the normalized height of 0.5, while remaining relatively uniform 
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above and below this altitude, further indicating a distinct stratification boundary near this level. Combined with the vertical 330 

𝑇𝐾𝐸 structure shown in Fig. 3a, where surface-generated upward turbulence weakens substantially near the normalized height 

of 0.50 and cloud-top-driven downward turbulence weakens near 0.85, the transition layer in V-RF06-1 is identified as 

extending from 0.50 to 0.85. 

Figure 4c shows that, in the V-RF06-2 case, 𝑍LCL increases slightly with height within the normalized altitude range of 0.37–

0.50 before becoming nearly constant. Within the same layer, 𝜇 fluctuates and reaches or slightly exceeds the threshold value 335 

of 0.015 (Fig. 4c), suggesting the existence of a sub-cloud transition layer. 𝑁𝑏2 remains positive and relatively constant over 

most of the profile, while 𝑆ℎ2 remains weak near both the surface and within the cloud (Fig. 4d). These characteristics indicate 

strong static stability below the cloud and weak influence from surface-generated turbulence, thereby inhibiting efficient 

coupling between surface turbulence and the cloud layer. In combination with the distinct gradient changes of 𝜃l and 𝑞t near 

the normalized height of approximately 0.35 in Fig. 2b, together with the weakening of upward and downward turbulence near 340 

normalized heights of 0.37 and 0.50, respectively, in Fig. 3b, the transition layer in V-RF06-2 is identified as extending from 

0.37 to 0.50. The remaining 10 cases were analyzed using the same procedure, and the results are summarized in Fig. 5. 
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Figure 4. Vertical profiles of lifting condensation level (𝒁𝑳𝑪𝑳) and stability parameter (𝝁) in (a) and (c), and Brunt–Väisälä frequency 

squared (𝑵𝒃𝟐) and horizontal wind shear rate (𝑺𝒉𝟐) in (b) and (d) for the V-RF06 cases. Black dashed lines indicate cloud base and 345 
cloud top. The vertical coordinate is normalized by the boundary layer height (𝒛 𝒛𝒊⁄ ). 

Figure 5 demonstrates that, although the altitude and thickness of the transition layer differ among flights, all cases exhibit 

pronounced transition layers within the sub-cloud region. Combined with the quantitative results in Table 1, the distributions 

shown in Fig. 5 indicate that the two cases within each flight consistently maintain stable decoupled structures. This finding 

strongly confirms the persistence of decoupling throughout the observational periods. Such a stable and persistent decoupled 350 

background provides a consistent dynamical context for subsequent analyses. 
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Figure 5. Normalized height ranges of the transition layers for all cases. The vertical coordinate is normalized by the boundary layer 

height (𝒛 𝒛𝒊⁄ ). 

3.2 Impacts of persistent decoupling on cloud microphysical properties 355 

Section 3.1 demonstrated that all observed cases exhibited pronounced boundary-layer decoupling characteristics, and that the 

decoupled state persisted over time during each flight. Among them, the six cases observed during the V-RF06, V-RF09, and 

V-RF15 flights showed no evident SHI, whereas the six cases observed during the P-RF04, A-0707, and A-0711 flights 

exhibited SHIs. Based on this classification, the following analysis further investigates the impacts of persistent decoupling on 

the evolution of in-cloud microphysical properties. 360 

First, cloud droplet spectra for all cases are presented (Fig. 6). Combined with the statistical characteristics of the droplet 

spectra and cloud microphysical parameters summarized in Table 2, the evolutionary characteristics of cloud droplet size 

distributions and cloud structures under persistent decoupled conditions are analyzed. 

Figures 6a–f show that, in the absence of SHI, persistent decoupling was generally accompanied by cloud thinning. For 

example, during the V-RF06 flight, the normalized cloud thickness (𝑡ℎnorm) decreased from 0.119 to 0.096. During the V-365 

RF09 and V-RF15 flights, 𝑡ℎnorm decreased from 0.271 and 0.089 to 0.251 and 0.071, respectively (Table 2). In contrast, 

cases with SHI exhibited different evolutionary behaviors (Fig. 6g–l). Both the A-0707 and A-0711 cases showed increases in 

𝑡ℎnorm as decoupling persisted. Specifically, during the A-0707 flight, 𝑡ℎnorm increased from 0.059 to 0.095, while during the 

A-0711 flight it increased substantially from 0.194 to 0.467. In the P-RF04 cases, 𝑡ℎnorm decreased from 0.420 to 0.238. 

According to the mission flight logs (NSF NCAR – Earth Observing Laboratory, 1995–present), the aircraft traversed a 370 
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pronounced precipitation region during the P-RF04 observations, which may have contributed to the reduction in relative cloud 

thickness within the boundary layer. 

Comparison of the vertical distributions of 𝑇f among the droplet spectra further shows that cases with SHI generally exhibited 

larger 𝑇f values, suggesting more active collision–coalescence growth. This conclusion is further supported by the statistical 

results in Table 2. For cases with SHIs, the spectral peak radius (𝑅peak) generally increased as decoupling persisted, while the 375 

corresponding peak droplet number concentration (𝑁peak) decreased. For example, during the A-0707 observations, 𝑅peak 

increased from approximately 6.17 μm to 6.50 μm, whereas the corresponding 𝑁peak decreased from approximately 13.18 

cm−3 μm−1 to 12.68 cm−3 μm−1. During the A-0711 observations, the changes were even more pronounced: 𝑅peak increased 

from 5.83 μm to 6.67 μm, while 𝑁peak decreased substantially from approximately 4.42 cm−3 μm−1 to approximately 2.00 

cm−3 μm−1. These results indicate that moisture supplied by the SHI promoted saturation in the upper cloud region, broadened 380 

the droplet spectrum, and enhanced collision–coalescence growth. As small droplets were continuously consumed and merged 

into larger droplets, 𝑁peak decreased and the spectrum shifted toward larger droplet sizes. In particular, the P-RF04 cases 

exhibited notably large 𝑇f values, with 𝑅peak of approximately 7.5 μm and relatively low 𝑁c, indicating vigorous collision–

coalescence growth that effectively promoted precipitation formation, ultimately resulting in a marked reduction in relative 

cloud thickness within the boundary layer. 385 

By contrast, cases without SHIs generally exhibited smaller 𝑇f values, which further decreased over time. Their droplet spectra 

were primarily dominated by condensational growth, with generally larger 𝑁peak. For example, the 𝑁peak values of the V-

RF06-1 and V-RF09-1 cases reached approximately 67 cm−3 μm−1 and 82 cm−3 μm−1, respectively, reflecting that small-

scale condensational growth dominated these cases. However, despite the absence of a distinct humidity inversion near cloud 

top during the V-RF09 observations, the droplet spectra still exhibited relatively large 𝑅peak values and broader spectral widths, 390 

which may have been related to enhanced in-cloud mixing and collision–coalescence efficiency associated with the relatively 

large 𝑇𝐾𝐸 observed during this flight (Fig. 3c, d). 
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Figure 6. Cloud droplet size distributions for all cases. The vertical coordinate is normalized by the boundary layer height (𝒛 𝒛𝒊⁄ ). 

Table 2. Statistical characteristics of cloud droplet spectra and microphysical parameters for all cases. 395 

Case 𝑡ℎ𝑛𝑜𝑟𝑚 𝑁peak (cm−3μm−1) 𝑅peak (μm) 𝜎c (μm) 𝐿𝑊𝐶 (g m−3) 𝑁c (cm−3) 𝑟m (μm) 
V-RF06-1 0.119 67.16 ± 27.87 4.13 ± 1.58 23.42 ± 9.62 0.089 ± 0.080 176.4 ± 72.1 4.15 ± 1.15 

V-RF06-2 0.096 31. 81 ± 33.12 2.83 ± 1.49 12.07 ± 11.93 0.054 ± 0.043 141.8 ± 74.0 3.70 ± 0.83 

V-RF09-1 0.271 82.29 ± 21.91 7.15 ± 1.46 27.54 ± 7.60 0.481 ± 0.197 248.2 ± 48.4 7.29 ± 1.25 

V-RF09-2 0.251 96.81 ± 30.02 6.30 ± 1.75 34.49 ± 11.53 0.410 ± 0.209 283.3 ± 66.1 6.40 ± 1.40 

V-RF15-1 0.089 30.19 ± 17.26 6.25 ± 2.01 10.56 ± 6.07 0.133 ± 0.149 114.2 ± 59.7 6.45 ± 1.25 

V-RF15-2 0.071 74.04 ± 24.41 5.69 ± 0.99 25.87 ± 8.27 0.099 ± 0.099 174.3 ± 70.3 4.80 ± 1.46 

P-RF04-1 0.420 10.86 ± 7.13 7.47 ± 2.72 3.51 ± 2.25 0.252 ± 0.136 60.4 ± 20.6 8.73 ± 2.04 

P-RF04-2 0.238 11.17 ± 5.73 7.58 ± 3.13 4.18 ± 2.29 0.157 ± 0.101 48.5 ± 11.0 8.23 ± 2.29 

A-0707-1 0.059 13.18 ± 4.90 6.17 ± 2.21 4.44 ± 1.63 0.136 ± 0.089 88.8 ± 19.8 12.71 ± 2.64 

A-0707-2 0.095 12.68 ± 8.06 6.50 ± 2.24 4.31 ± 2.86 0.115 ± 0.104 79.5 ± 35.4 12.22 ± 3.21 

A-0711-1 0.194 4.42 ± 1.94 5.83 ± 3.06 1.21 ± 0.56 0.215 ± 0.180 31.0 ± 18.5 19.81 ± 4.15 

A-0711-2 0.467 2.00 ± 2.71 6.67 ± 4.40 0.90 ± 0.96 0.141 ± 0.072 31.6 ± 11.9 17.79 ± 2.85 

Note. All parameters except 𝒕𝒉𝒏𝒐𝒓𝒎 are presented as mean ± standard deviation. 

To quantitatively characterize the magnitude and vertical variability of cloud microphysical evolution during persistent 

decoupling, Fig. 7 presents vertical profiles of the relative changes in microphysical variables between the later and earlier 

cases within the same flight. Here, the relative change is defined as the difference between the later and earlier cases normalized 

by the corresponding value in the earlier case, thereby representing the magnitude and vertical variability of microphysical 400 

evolution during persistent decoupling. 

Figure 7 shows that during the V-RF06 observations, persistent decoupling was accompanied by substantial decreases in upper-

cloud 𝐿𝑊𝐶, with reductions of approximately 50%–100%. 𝑁𝑐 also decreased by approximately 50%, while 𝑟m decreased by 

approximately 20%–60%. In contrast, reductions in 𝐿𝑊𝐶 , 𝑁𝑐 , and 𝑟m  in the lower cloud region were relatively small, 
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indicating comparatively stable conditions there. Regarding spectral-width parameters, 𝜎m  remained nearly unchanged 405 

throughout the cloud layer, reflecting little change in the absolute spectral width. However, 𝑑 increased in the upper cloud 

region, suggesting that although 𝜎m  remained constant, the decrease in 𝑟m  caused the relative spectral width to broaden. 

Overall, the evolutionary characteristics of this flight reflect a typical cloud-top entrainment-mixing process: upper-cloud 

droplets were strongly influenced by entrainment mixing, leading to simultaneous decreases in 𝐿𝑊𝐶, 𝑁𝑐, and 𝑟m due to droplet 

evaporation, whereas the lower cloud region, being farther from the entrainment layer, was less affected and remained 410 

relatively stable. 

During the persistent decoupling observed in the V-RF09 flight, the relative change in 𝐿𝑊𝐶 was negative throughout the cloud 

layer, with reductions of approximately 0%–50%, while 𝑟m decreased by approximately 0%–30%. In contrast, 𝑁c showed a 

slight overall increase within the cloud. Both 𝜎m and 𝑑 decreased in the upper cloud region, indicating spectral narrowing that 

was not merely a proportional effect associated with 𝑟m, but rather reflected a more concentrated droplet distribution with 415 

reduced size variability. Near cloud base, 𝜎m remained nearly unchanged while 𝑑 increased. Combined with the decrease in 

𝑟m, this indicates that although the absolute spectral width remained unchanged, the reduction in 𝑟m caused the spectrum to 

broaden in a relative sense. It should be noted that the overall increase in 𝑁c does not imply enhanced droplet generation 

capability. Together with the pronounced decrease in 𝑡ℎnorm during the persistent decoupling period, the increase in 𝑁c mainly 

reflects the redistribution of droplets within a thinner cloud layer. Meanwhile, the continued decreases in 𝐿𝑊𝐶 and 𝑟m indicate 420 

that droplet growth remained suppressed and that the cloud layer was overall in a dissipating stage under sustained decoupled 

conditions. 

The cloud microphysical evolution observed during the V-RF15 flight exhibited pronounced vertical stratification. 𝐿𝑊𝐶 

generally decreased by approximately 50%–100%, while 𝑟m decreased by approximately 10%–50%. 𝑁c increased in the upper 

cloud region but decreased by approximately 50% in the lower cloud region. Both 𝜎m and 𝑑 decreased in the upper cloud 425 

region, suggesting spectral narrowing, whereas in the lower cloud region 𝜎m decreased while 𝑑 remained relatively stable. 

Similar to V-RF09, the increase in upper-cloud 𝑁c in V-RF15 was also primarily associated with vertical redistribution of 

droplets following cloud thinning. Combined with the substantial decreases in 𝐿𝑊𝐶 and 𝑟m, these results indicate that the 

cloud layer was undergoing dissipation, with suppressed droplet growth and a contracting cloud structure. 

For the P-RF04 cases, which featured SHIs, Fig. 7 shows that the reduction in upper-cloud 𝐿𝑊𝐶 (0%–50%) was smaller than 430 

that near cloud base (approximately 100%). 𝑁c remained nearly unchanged in the upper cloud region, while reductions in the 

lower cloud region were mainly within 0%–50%. 𝑟m slightly increased at some mid-cloud altitudes, consistent with active 

collision–coalescence growth there (Fig. 6g, h), whereas near cloud top 𝑟m generally decreased by less than 20%, and decreased 

over time near cloud base. 𝜎m generally decreased throughout the cloud layer, while 𝑑 remained relatively stable only near 

cloud base and decreased elsewhere, indicating overall spectral narrowing and a more concentrated droplet distribution with 435 

reduced size variability. It should be noted that raindrops were excluded from the present calculations; therefore, the decreases 

in 𝑟m and 𝜎m mainly reflect the conversion of cloud droplets into raindrops during precipitation development. 
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During the A-0707 observations, except for slight increases in 𝐿𝑊𝐶 at some upper-cloud altitudes, reductions in 𝐿𝑊𝐶 across 

most of the cloud layer were mainly within 0%–50%, substantially smaller than those observed in cases without SHIs. 𝑁c 

decreased markedly near cloud top, whereas at lower altitudes the relative changes became smaller and even showed slight 440 

increases in some regions. This behavior is consistent with the strongest collision–coalescence growth occurring near cloud 

top (Fig. 6i, j), where large droplets continuously consumed smaller droplets, while collision efficiency weakened in the middle 

and lower cloud regions, allowing reductions in 𝑁c to diminish or even be offset by local vertical transport or condensational 

growth. 𝑟m increased slightly only near cloud top, while decreasing elsewhere by approximately 0%–20%. Regarding spectral-

width parameters, both 𝑟m and 𝜎m increased slightly near cloud top while d remained unchanged, suggesting that additional 445 

moisture supplied by the SHI enlarged droplets and slightly broadened the absolute spectral width. However, because 𝑟m and 

𝜎m increased proportionally, the relative spectral width remained unchanged. Below cloud top, both 𝑟m and 𝜎m decreased over 

time while 𝑑 remained nearly constant, reflecting reduced moisture input away from the humidity inversion and narrowing of 

the absolute spectral width, while the simultaneous decrease in 𝑟m maintained a nearly constant relative spectral width. 

In the A-0711 cases, 𝐿𝑊𝐶 exhibited vertically differentiated behavior, decreasing in the upper cloud region while increasing 450 

in the lower cloud region. 𝑁c decreased by approximately 50%–100% near cloud top but generally increased elsewhere. 𝑟m 

decreased slightly near cloud top while remaining relatively unchanged elsewhere. 𝜎m decreased near cloud top but increased 

near cloud base, remaining relatively constant elsewhere, indicating spectral narrowing near cloud top and slight spectral 

broadening near cloud base. The overall decrease in upper-cloud 𝑟m may have been associated with weakened collision–

coalescence growth over time, as 𝑇f in the upper cloud region of A-0711-1 was substantially larger than that of A-0711-2 (Fig. 455 

6k, l). The broadened droplet spectra near cloud base may have been related to increased 𝑇f there. The evolutionary 

characteristics of this flight reflect a cloud redevelopment process under prolonged influence of the SHI: moisture supplied by 

the humidity inversion was gradually transported downward, leading to increases in 𝐿𝑊𝐶  and 𝑁c near cloud base and 

broadening of the droplet spectrum. Thus, the humidity inversion not only delayed cloud dissipation but also actively promoted 

the redevelopment of the cloud layer. 460 

Overall, Figs. 6 and 7 indicate that persistent decoupling in cases without SHIs generally inhibits cloud maintenance and 

development, with the most prominent feature being substantial losses of microphysical quantities in the upper cloud region. 

These evolutionary characteristics suggest that persistent decoupling allows continued intrusion of cloud-top dry air, thereby 

enhancing droplet evaporation and causing simultaneous decreases in cloud water content and droplet size. By contrast, the 

lower cloud region, being farther from the entrainment layer, experiences smaller microphysical changes and remains relatively 465 

stable or only slightly weakens. The presence of humidity inversions substantially weakens the dissipative effects of persistent 

decoupling on the cloud layer. Continuous moisture supply from the humidity inversion markedly slows the decreases in 𝐿𝑊𝐶, 

𝑟m, and spectral-width parameters, and can even produce local increases at some altitudes. Regions directly in contact with the 

SHI are most sensitive, exhibiting increases in 𝑟m, expansion or stabilization of 𝜎m , and enhanced collision–coalescence 

growth. In the middle and lower cloud regions, the influence gradually weakens. When the influence of the SHI is sufficiently 470 
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persistent and strong, as in A-0711, it can not only delay cloud dissipation but also trigger redevelopment of the cloud layer. 

It should also be noted that moisture supplied by the SHI may accelerate precipitation formation by enhancing collision–

coalescence growth, as in P-RF04, thereby producing another form of cloud-water depletion dominated by precipitation 

removal. 

 475 

Figure 7. Vertical profiles of relative changes in cloud microphysical variables during persistent decoupling. Altitudes are 

normalized by the cloud layer thickness (cloud base = 0, cloud top = 1). 

3.3 Impacts of persistent decoupling on in-cloud mixing characteristics 

To reveal the vertical variability and temporal evolution of in-cloud mixing characteristics under persistently decoupled 

conditions, vertical profiles of 𝜓 for different cases during each flight are presented in Fig. 8. Figure 8a shows that during the 480 
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V-RF06 observations, as decoupling persisted, 𝜓  in the upper cloud region (defined as the region where 𝜓  exhibited 

predominantly negative values) evolved from predominantly negative values to predominantly small positive values while still 

containing some negative values. In the lower cloud region, 𝜓 remained positive and increased slightly over time. These results 

indicate that the upper cloud region maintained IM-dominated conditions accompanied by the formation of super-adiabatic 

droplets, while the degree of IM in the lower cloud region exhibited a slight decrease as decoupling persisted. During the V-485 

RF09 observations, 𝜓 in the upper cloud region remained predominantly negative in both cases, indicating persistent IM-

dominated conditions accompanied by super-adiabatic droplets, whereas 𝜓 in the lower cloud region remained generally 

positive and exhibited little systematic change over time (Fig. 8b), This behavior suggests that the influence of persistent 

decoupling on mixing characteristics was primarily confined to the upper cloud region during the V-RF09 observations. Figure 

8c shows that during the V-RF15 observations, 𝜓 in the upper cloud region evolved from small positive values to negative 490 

values, while 𝜓 in the lower cloud region remained positive and increased slightly over time. This indicates that the upper 

cloud region evolved from IM toward more strongly IM-dominated conditions accompanied by super-adiabatic droplets, 

whereas IM in the lower cloud region weakened slightly over time. During the P-RF04 observations, negative 𝜓 values 

persisted in the upper cloud region, whereas 𝜓 in the lower cloud region remained positive and shifted toward larger values 

over time (Fig. 8d), consistent with persistent IM-dominated conditions with super-adiabatic droplets aloft and weakened IM 495 

in the lower cloud region. Figure 8e shows that during the A-0707 observations, 𝜓 throughout most of the cloud layer, except 

near cloud base, evolved from small positive values to conditions containing localized negative values over time, suggesting 

a transition toward more strongly IM-dominated conditions accompanied by super-adiabatic droplets. Near cloud base, 

however, 𝜓 remained positive and exhibited little change over time. Figure 8f shows that during the A-0711 observations, 𝜓 

remained generally positive throughout the cloud layer and increased over time, indicating that both cases remained IM-500 

dominated while the degree of IM weakened as decoupling persisted. 

Overall, negative 𝜓 values frequently occurred near cloud top, indicating that IM remained the dominant mixing regime in the 

upper cloud region and was often accompanied by the formation of super-adiabatic droplets. In contrast, 𝜓 in the lower cloud 

region generally remained positive and exhibited only small temporal variations during most flights. Except for P-RF04, which 

showed a pronounced increase in 𝜓 over time, the remaining flights displayed only slight increases or little systematic change 505 

in lower-cloud 𝜓 as decoupling persisted. 
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Figure 8. Vertical distributions of 𝝍 for decoupled cases. Altitudes are normalized by the cloud layer thickness (cloud base = 0, cloud 

top = 1). 

Mixing diagrams have been widely used to characterize the microphysical behavior of droplets during turbulent mixing events 510 

in MSC (Pawlowska et al., 2000). The horizontal axis represents droplet number concentration normalized by its adiabatic 

value (𝑁c/𝑁a), while the vertical axis represents mean droplet volume normalized by its adiabatic value (𝑉 ⁄ 𝑉a  = 𝑟m
3 𝑟a

3⁄ ), 

where 𝑟a is the mean radius corresponding to the 𝐿𝑊𝐶a. Figures 9 and 10 present mixing diagrams showing the relationships 

between 𝑁c/𝑁a, 𝑟m
3/𝑟a

3, and 𝑇f  during the persistent evolution of decoupling under conditions without and with SHIs, 

respectively. 515 

Under conditions without SHIs (Fig. 9), relatively dry air was continuously entrained from above the cloud layer. As 

decoupling persisted, downward-developing turbulence near cloud top produced pronounced spatial inhomogeneity in the in-
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cloud water vapor field and 𝐿𝑊𝐶 , causing IM to dominate the mixing process. In the mixing diagrams, this process is 

characterized by relatively stable or only weakly varying  𝑟m
3/𝑟a

3 as 𝑁c/𝑁a decreases (Yeom et al., 2017). This behavior 

indicates that small droplets preferentially undergo complete evaporation during turbulent mixing, while larger droplets survive. 520 

As a result, 𝑁c decreases substantially whereas mean droplet volume changes only slightly, representing a typical signature of 

selective evaporation. In the strongly turbulent upper cloud region, IM generates strong perturbations in the water vapor field 

and relative humidity, allowing transiently elevated supersaturation to persist locally and thereby favoring differential 

condensational growth of surviving droplets, ultimately promoting the formation of super-adiabatic droplets (Fig. 9a-f). This 

result is consistent with previous studies showing that local perturbations in 𝐿𝑊𝐶, water vapor, and relative humidity induced 525 

by turbulent mixing are important physical mechanisms for the formation of super-adiabatic droplets (Baker et al., 1980; 

Lasher-Trapp et al., 2005; Yang et al., 2016). 

Because overall turbulence was relatively strong during the V-RF09 observations (Fig. 3c, d), together with relatively large 𝑇f

, the V-RF09-2 case already possessed favorable conditions for collision–coalescence growth. This finding is consistent with 

Chen et al. (2018), who showed that turbulence enhances collision efficiency. Under such conditions, some large droplets can 530 

grow rapidly through collision–coalescence in addition to condensational growth. Consequently, super-adiabatic droplets were 

also observed in the lower cloud region of V-RF09-2. By contrast, although the V-RF06 and V-RF15 flights also exhibited 

pronounced IM characteristics in the upper cloud region, their relatively weak in-cloud 𝑇𝐾𝐸  limited vertical transport 

efficiency during the observations. As a result, super-adiabatic droplets formed near cloud top could not be effectively 

transported downward into the lower cloud region. Moreover, the relatively small 𝑇𝑓 values indicate that droplet growth 535 

remained primarily controlled by condensation, with only limited contributions from collision–coalescence, explaining the 

absence of super-adiabatic droplets in the lower cloud regions of these flights. 

Figure 10 shows that as 𝑁c/𝑁a decreases,  𝑟m
3/𝑟a

3 generally remains relatively stable or changes only slightly. This indicates 

that IM still dominates within cloud layers containing SHIs. At the same time, SHIs provide a relatively moist and stable water 

vapor environment that allows surviving droplets to more readily enter the collision–coalescence growth stage. In the mixing 540 

diagrams, this process is reflected by increasing 𝑉 𝑉a⁄  as 𝑁c/𝑁a decreases, indicating vigorous collision–coalescence growth 

(Desai et al., 2019). Under these conditions, IM within the cloud favors the formation of super-adiabatic droplets, which 

subsequently generate downward drag effects that enhance turbulence and further promote the growth of large droplets. The 

gradual extension of the droplet spectra toward larger droplet sizes over time in Fig. 6g–l supports this interpretation. During 

the P-RF04 and A-0707 observations, super-adiabatic droplets primarily appeared in the upper cloud region closer to the SHI. 545 

In contrast, during the A-0711 observations, super-adiabatic droplets were observed in both the upper and lower cloud regions 

because downward-developing turbulence transported super-adiabatic droplets formed near cloud top into the lower cloud 

layer. 

Overall, under persistently decoupled boundary-layer conditions, turbulence-induced IM provides the fundamental dynamical 

environment for the formation of super-adiabatic droplets. In the absence of SHIs, continuous entrainment of relatively dry air 550 
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causes evaporation-driven IM to dominate, resulting in substantial reductions in 𝑁𝑐, and an overall weakening of cloud 

microphysical development. In contrast, when SHIs are present, the associated moisture supply suppresses droplet evaporation 

and favors collision–coalescence growth. As a result, the large-droplet effect associated with IM is further amplified, 

substantially promoting the sustained development of warm-cloud microphysical processes. 

 555 

Figure 9. Mixing diagrams showing normalized cloud droplet number concentration ( 𝑵𝐜/𝑵𝐚) versus normalized droplet 

volume(𝒓𝐦
𝟑/𝒓𝐚

𝟑) for cloud segments observed during V-RF06, V-RF09, and V-RF15. Colors indicate the collision–coalescence 

threshold (𝑻𝐟), and dashed lines denote isolines of liquid water content (𝑳𝑾𝑪). 

 

Figure 10. Same as Figure 9 but for P-RF04, A-0707, and A-0711.  560 

3.4 Impacts of persistent decoupling on the shortwave radiative response of MSC 

Figure 11 illustrates the evolutionary trajectories of all cases in the relationship between 𝜏 and 𝑆𝑊 𝐶𝑅𝐹TOA, where marker size 

represents 𝑟e, and arrows indicate the evolution from the first to the second stage within the same flight. The corresponding 

values of 𝜏, 𝑟e, ∆𝐴, and 𝑆𝑊 𝐶𝑅𝐹TOA are summarized in Table 3. 

For cases without SHIs, V-RF06 and V-RF15 exhibited generally consistent evolutionary pathways, both shifting toward the 565 

upper-left direction from the first to the second stage, corresponding to decreasing 𝜏  and weakening absolute values of 

𝑆𝑊 𝐶𝑅𝐹TOA, indicating reduced shortwave cooling. These results suggest that, in the absence of moisture buffering associated 

with SHIs, persistent decoupling drives the cloud system toward optical weakening accompanied by reduced radiative cooling 
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efficiency. This evolution is consistent with the previously identified cloud thinning, decreases in 𝐿𝑊𝐶, and narrowing droplet 

spectra, collectively reflecting overall cloud dissipation tendencies. Although V-RF09 also belonged to the cases without SHIs, 570 

its evolutionary pathway differed, shifting toward the lower-left direction. In this case, 𝜏  decreased while the absolute 

magnitude of 𝑆𝑊 𝐶𝑅𝐹TOA slightly increased, reflecting enhanced shortwave cooling despite cloud thinning. This result 

suggests that the radiative response did not weaken simultaneously with the reduction in cloud thickness. Although the 

reduction in total cloud water led to decreased 𝜏, 𝑟e also decreased from 7.75 to 7.04 μm (Table 3), which increased the 

scattering efficiency per unit cloud water and partially offset the radiative impact associated with cloud thinning. As a result, 575 

the cloud albedo was maintained or even slightly enhanced, leading to a modest increase in the magnitude of 𝑆𝑊 𝐶𝑅𝐹TOA. 

In contrast, cases with SHIs mainly exhibited two distinct evolutionary pathways. A-0707 and A-0711 both shifted toward the 

lower-left direction, characterized by increasing absolute values of 𝑆𝑊 𝐶𝑅𝐹TOA over time, corresponding to enhanced 

shortwave cooling. This indicates that moisture supplied by SHIs promoted cloud development and strengthened radiative 

cooling to some extent. Conversely, P-RF04 shifted toward the upper-left direction, with substantially reduced 𝜏 accompanied 580 

by markedly weakened shortwave cooling, consistent with the precipitation-driven removal of cloud water discussed 

previously for this case. 

 

Figure 11. Evolution pathways of cloud optical thickness (𝝉) and top-of-atmosphere shortwave cloud radiative forcing (𝑺𝑾 𝑪𝑹𝑭𝐓𝐎𝐀) 

under persistent boundary layer decoupling. 585 

Table 3. Cloud optical depth (𝝉), droplet effective radius (𝒓𝐞), albedo change (∆𝑨), and top-of-atmosphere shortwave cloud radiative 

forcing (𝑺𝑾 𝑪𝑹𝑭𝐓𝐎𝐀) for different cases. 

case 𝜏 𝑟e (μm) ∆A 𝑆𝑊 𝐶𝑅𝐹TOA (𝑊 𝑚−2) 

V-RF06-1 2.78 5.25 0.0131 −14.51 
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V-RF06-2 1.40 5.00 0.0007 −0.94 

V-RF09-1 30.41 7.75 0.0779 −68.54 

V-RF09-2 25.43 7.04 0.0642 −70.92 

V-RF15-1 4.36 7.53 0.0311 −27.65 

V-RF15-2 2.45 6.04 0.0077 −8.89 

P-RF04-1 13.50 10.98 0.0297 −34.63 

P-RF04-2 5.23 9.42 0.0091 −11.67 

A-0707-1 2.75 7.15 0.0311 −23.77 

A-0707-2  3.79 7.73 0.0326 −28 

A-0711-1 8.70 11.28 0.0494 −35.28 

A-0711-2 11.89 10.57 0.0382 −42.32 

 Among the cases without SHIs, both V-RF06 and V-RF15 exhibited simultaneous decreases in 𝜏, 𝑟e, ∆𝐴, and the absolute 

magnitude of 𝑆𝑊 𝐶𝑅𝐹TOA. Specifically, ∆𝐴 decreased from 0.0112 to 0.0007 in V-RF06 and from 0.0311 to 0.0077 in V-

RF15, both corresponding to pronounced weakening of 𝑆𝑊 𝐶𝑅𝐹TOA (Table 3). Notably, although 𝑟e decreased in both cases, 590 

the reduction in 𝜏 was substantially larger. Consequently, the radiative evolution was primarily controlled by the decrease in 

𝜏, while the enhanced scattering efficiency associated with smaller 𝑟e was insufficient to reverse the overall weakening trend. 

The evolution of V-RF09 differed from the other two cases without SHIs. During this flight, 𝜏, 𝑟e, and ∆𝐴 all decreased, 

indicating an overall weakening of cloud optical properties and reduced enhancement of planetary albedo by the cloud. 

However, 𝑆𝑊 𝐶𝑅𝐹TOA slightly strengthened from –68.54 to –70.92 𝑊 𝑚–2, deviating from the behavior of ∆𝐴. The decrease 595 

in 𝑟e from 7.75 to 7.04 μm  enhanced scattering efficiency per unit cloud water, partially compensating for the optical 

weakening caused by cloud thinning, thereby producing a divergence in the responses of 𝑆𝑊 𝐶𝑅𝐹TOA, 𝜏, and ∆𝐴. This result 

highlights that changes in droplet size can influence cloud radiative effects independently of variations in 𝜏 , partially 

compensating for the radiative weakening associated with cloud thinning. 

For cases with SHIs, both 𝜏 and 𝑟e increased in A-0707, while ∆𝐴 increased from 0.0311 to 0.0326, accompanied by enhanced 600 

𝑆𝑊 𝐶𝑅𝐹TOA. In this case, the radiative enhancement was primarily controlled by increasing 𝜏 . Although increasing 𝑟e 

theoretically reduces scattering efficiency, its influence was smaller than that of the increasing optical thickness and therefore 

did not alter the overall radiative enhancement trend. In A-0711, increasing 𝜏  together with decreasing 𝑟e both favored 

enhanced solar scattering, resulting in strengthened 𝑆𝑊 𝐶𝑅𝐹TOA, consistent with the pathway shown in Figure 11. However, 

∆𝐴 decreased from 0.0494 to 0.0382, indicating that although top-of-atmosphere shortwave cooling intensified, the albedo 605 

contrast between cloudy and clear-sky conditions weakened. This discrepancy may be associated with changes in the vertical 

cloud droplet distribution or spatial cloud inhomogeneity. 

In P-RF04, 𝜏 decreased substantially from 13.50 to 5.23, while  𝑟e decreased from 10.98 to 9.42 μm. Meanwhile, ∆𝐴 decreased 

from 0.0297 to 0.0091, and 𝑆𝑊 𝐶𝑅𝐹TOA weakened from −34.63 to −11.67 𝑊 𝑚−2. Overall, the cloud exhibited weakened 

https://doi.org/10.5194/egusphere-2026-3376
Preprint. Discussion started: 6 July 2026
c© Author(s) 2026. CC BY 4.0 License.



27 

 

enhancement of planetary albedo and substantially reduced shortwave cooling at the top of the atmosphere. The formation of 610 

large droplets reduced scattering efficiency per unit cloud water and weakened cloud albedo, while simultaneously accelerating 

precipitation processes that removed large amounts of cloud water from the cloud system. As a result, the cloud experienced 

both optical weakening and shortened lifetime, further suppressing shortwave cooling. 

Overall, for most cases, changes in 𝑆𝑊 𝐶𝑅𝐹TOA were broadly consistent with changes in 𝜏, while variations in 𝑟e modulated 

this relationship through their influence on scattering efficiency. In V-RF09, this modulation was sufficiently strong to produce 615 

a clear divergence between the responses of 𝑆𝑊 𝐶𝑅𝐹TOA and 𝜏. Under conditions without SHIs, the relationship between cloud 

dissipation and weakened shortwave cooling was relatively direct. Under conditions with SHIs, the additional moisture supply 

partially buffered the dissipative effects associated with persistent decoupling. Nevertheless, the ultimate radiative evolution 

remained strongly dependent on the subsequent microphysical evolution of the cloud, particularly the balance between cloud-

water maintenance and cloud-water loss associated with droplet growth processes. These radiative response differences, jointly 620 

modulated by boundary-layer decoupling state, cloud-top humidity structure, and in-cloud microphysical processes, represent 

an important source of uncertainty in low-cloud shortwave radiative feedbacks, highlighting the need for improved 

observational constraints on MSC microphysical and radiative processes in climate model parameterizations. 

 

Figure 12. Case-to-case changes in cloud optical and radiative properties (𝝉, ∆𝑨, 𝒓𝐞 and 𝑺𝑾 𝑪𝑹𝑭𝐓𝐎𝐀) during persistent boundary 625 
layer decoupling. 
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4 Discussion and conclusions 

Based on aircraft in situ observations, this study selected six flights (V-RF06, V-RF09, V-RF15, P-RF04, A-0707, and A-

0711), comprising a total of twelve MSC cases under persistently decoupled conditions. The study systematically investigated 

the evolution of MSC microphysical properties, in-cloud mixing processes, and shortwave radiative responses under persistent 630 

boundary-layer decoupling, with particular emphasis on the modulating role of SHIs. The major conclusions are summarized 

as follows. 

Persistent boundary-layer decoupling generally suppresses the maintenance and development of MSC. Under conditions 

without SHIs (V-RF06, V-RF09, and V-RF15), the cloud layers generally evolved toward reduced thickness, decreased 𝐿𝑊𝐶, 

and narrowed droplet spectra over time. Dissipation of small cloud droplets induced by entrainment evaporation of dry free-635 

tropospheric air near cloud top became the dominant process. This result is consistent with previous studies indicating that 

entrainment of dry free-tropospheric air enhances drying through entrainment and accelerates cloud water loss (Zhang et al., 

2026). The present study further provides observational evidence from the perspectives of droplet spectrum narrowing and the 

evolution of IM characteristics. Meanwhile, the cloud mixing process was dominated by IM, characterized by substantial 

decreases in 𝑁c over time while the mean droplet volume remained relatively unchanged. Negative 𝜓 values occurred most 640 

frequently near cloud top, indicating persistent IM-dominated conditions accompanied by super-adiabatic droplets, whereas 𝜓 

in the lower cloud region generally remained positive and exhibited only small temporal variations as decoupling persisted. 

Near cloud top, strong turbulence maintained instantaneous localized supersaturation, allowing surviving droplets to undergo 

differential condensational growth and form super-adiabatic droplets, consistent with the findings of Baker et al. (1980) and 

Yang et al. (2016), who emphasized that turbulence-induced localized supersaturation perturbations constitute an important 645 

mechanism for super-adiabatic droplet formation. This dissipative process exhibited clear vertical heterogeneity, with the 

strongest entrainment influence occurring near cloud top, whereas changes in the lower cloud layer were comparatively weaker, 

reflecting a top-down dissipation process under persistently decoupled conditions. In terms of radiative effects, the 

microphysical weakening ultimately manifested as simultaneous decreases in 𝜏 , 𝑟e , and ∆𝐴 , accompanied by weakened 

𝑆𝑊 𝐶𝑅𝐹TOA. However, during the V-RF09 observations, relatively strong 𝑇𝐾𝐸 promoted more active collision–coalescence 650 

growth within the cloud, and super-adiabatic droplets were also observed in the lower cloud layer. The decrease in 𝑟e enhanced 

the scattering efficiency per unit cloud water, leading to a slight increase in the absolute magnitude of 𝑆𝑊 𝐶𝑅𝐹TOA despite the 

simultaneous reduction in 𝜏. This result highlights that variations in droplet size can modulate cloud radiative responses and 

partially compensate for the radiative weakening associated with cloud thinning, although they do not alter the overall tendency 

for persistent decoupling to drive cloud dissipation. 655 

The presence of SHIs (P-RF04, A-0707, and A-0711) systematically modified the effects of persistent decoupling and altered 

the evolutionary pathways. From a microphysical perspective, continuous moisture supply from SHIs effectively suppressed 

entrainment evaporation and slowed the decline of cloud microphysical quantities, while the cloud droplet spectra 

systematically broadened toward larger droplet sizes over time. Regarding mixing characteristics, the additional moisture input 
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modified the microphysical consequences of IM by suppressing droplet evaporation, enhancing collision–coalescence growth, 660 

and promoting broader droplet spectra. In the mixing diagrams, this process was reflected by decreasing 𝑁c/𝑁a accompanied 

by increasing 𝑟m
3/𝑟a

3, indicating active collision–coalescence growth (Desai et al., 2019). The combined effects of IM and 

moisture supply promoted the formation of super-adiabatic droplets, while the downward drag induced by these large droplets 

further enhanced local turbulence, forming a positive feedback mechanism. In terms of radiative effects, this microphysical 

maintenance and development corresponded to enhanced 𝑆𝑊 𝐶𝑅𝐹TOA in A-0707 and A-0711. Under conditions where SHIs 665 

remained continuously connected to cloud top and moisture supply was sufficiently strong (A-0711), moisture input was 

gradually transported downward into the cloud layer, leading to increases in 𝐿𝑊𝐶 and 𝑁c in the lower cloud region. In this 

case, SHIs not only delayed cloud dissipation but also actively promoted cloud redevelopment. However, the influence of SHIs 

on persistent decoupling did not simply enhance cloud maintenance. When collision–coalescence growth became sufficiently 

strong to initiate precipitation (P-RF04), substantial cloud water was removed through precipitation processes, resulting in 670 

simultaneous large decreases in both 𝜏 and 𝑆𝑊 𝐶𝑅𝐹TOA, thereby producing an alternative dissipation pathway dominated by 

precipitation removal. These results indicate that SHIs can fundamentally modify the microphysical evolution pathway of 

decoupled MSC by suppressing entrainment-driven evaporation and promoting collision–coalescence growth. Depending on 

the subsequent cloud evolution, this process may either support cloud maintenance and redevelopment or, when droplet growth 

becomes sufficiently strong, contribute to cloud-water loss through precipitation-related removal processes. The ultimate 675 

outcome depends on the balance among entrainment-driven evaporation, SHI-associated moisture supply, and cloud-water 

loss through precipitation-related processes, consistent with previous studies emphasizing the competing influences of these 

mechanisms on cloud evolution (Zhang et al., 2026). The major processes identified in this study are summarized schematically 

in Figure 13. 

From a climatic perspective, the present results demonstrate that MSC shortwave radiative effects are not stable under 680 

persistently decoupled conditions. The three distinct evolutionary pathways identified in this study – evaporative dissipation, 

redevelopment, and precipitation-driven dissipation – can produce substantially different radiative responses. Even under 

similar decoupled boundary-layer conditions, differences in cloud-top humidity structure and in-cloud turbulence 

characteristics can lead clouds to evolve along markedly different pathways. Therefore, more consistent representation of the 

coupled effects among boundary-layer decoupling, cloud-top humidity structure, and cloud microphysical processes in climate 685 

models is essential for constraining uncertainties in low-cloud shortwave radiative feedbacks. This study is based on a limited 

number of observational cases, and the selected flights originated from different field campaigns with differing environmental 

backgrounds. Consequently, the statistical robustness of these conclusions requires further validation with larger observational 

samples. Future work should combine targeted large-eddy simulations with systematic numerical experiments on humidity 

inversion–mixing–microphysics interactions under persistently decoupled conditions, and extend the analysis to larger 690 

observational samples to evaluate the generality of the present findings and provide improved observational constraints for 

low-cloud shortwave radiative feedback parameterizations in climate models. 
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Figure 13. Conceptual schematic of the evolutionary processes of marine stratocumulus clouds (MSC) under conditions without (left 

panel) and with (right panel) specific humidity inversions (SHIs) near cloud top. Curved arrows on the left side of each panel 695 
represent turbulent mixing, with arrow width indicating turbulent kinetic energy (𝑻𝑲𝑬) intensity: upward arrows (blue) originate 

from surface-driven fluxes, while downward arrows indicate cloud-top entrainment, shown in yellow for the no-SHI case and blue 

for the SHI case, representing dry-air and moist-air entrainment, respectively. Large blue droplets within the cloud layer represent 

super-adiabatic droplets. Partially whitened regions with small recirculating arrows indicate localized inhomogeneous mixing. 

Paired yellow arrows near cloud top denote shortwave radiation, with arrow thickness reflecting the evolution of cloud reflectivity. 700 
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