
1.  Introduction
In the morning, the planetary boundary layer (PBL) usually experiences a transition from stable to neutral or 
unstable conditions that exert important influences on the convection process and low tropospheric thermody-
namics (Garratt, 1994; Guo et al., 2021; Wallace & Hobbs, 2006; Wyngaard & Coté, 1974). The PBL transition 
results from eroding the nocturnal temperature inversion due to surface heating. Following Stull  (1988), we 
refer to the full transition from stable to unstable PBL as the “phase transition.” Before the phase transition, 
PBLH increases slowly because of the strong nocturnal temperature inversion near the surface, with the depth 
ranging from tens of meters to a few hundred meters. After the phase transition, PBL quickly rises and reaches 
the top of the residual layer rapidly because of the small potential temperature gradient in the residual layer (Chu 
et al., 2019; Garrett, 1982; Su, Li, et al., 2022).

Although such a conceptual evolution of the PBL transition has been well established, the real-world PBL behaves 
more complexly. While the morning PBL is typically stable, it can also be well mixed by various factors, one 
of which is the cloud. Cloud can significantly affect the radiation budget and thus modulate the surface fluxes. 
Meanwhile, cloud-top radiative cooling (CTRC) is another crucial factor driving turbulence within the boundary 
layer (Deardorff, 1976; Hogan et al., 2009; Nicholls, 1989). The cloud-shading effect and CTRC jointly dictate 
PBL development.

Despite previous investigations of the interactions between clouds and PBL development (Bacmeister et al., 2006; 
Garrett, 1982; Zheng et al., 2021), the response to the phase transition of morning PBL to clouds has not been 
well understood. By using the comprehensive field observations, we can analyze the impacts of clouds on radi-
ation budget and surface fluxes. Furthermore, based on the observations and theoretical calculations, we aim 
to illuminate the role of cloud-surface coupling in the phase transition of the morning PBL. These analyses are 
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important for the research community for the following reasons: (a) The transition of PBL is a critical aspect of 
the diurnal cycle of the PBL, influencing the exchange of heat, moisture, and momentum between the surface and 
the atmosphere. (b) The PBL transition is also closely linked to cloud development, as the thermodynamic stabil-
ity of the PBL can affect the initiation and entrainment of convection. Therefore, understanding how clouds alter 
the PBL transition is crucial for improving our understanding of boundary layer processes, cloud development 
and the interaction between land and atmosphere.

2.  Data and Methods
2.1.  Observations at the SGP Site

The U.S. Department of Energy's Atmospheric Radiation Measurement (ARM) has been made in the Southern 
Great Plains (SGP) of Oklahoma (36.607°N, 97.488°W) since the late 1980s. Being the most extensive and 
well-equipped climate research facility in the world, it has provided ample, highly accurate observations for 
atmospheric and climate studies. The study used comprehensive measurements of PBL, clouds, radiation, and 
meteorological variables from 1999 to 2019 at the SGP site. These datasets include: (a) the profiles of potential 
temperature, (b) Active Remote Sensing of Clouds, (c) cloud Optical Properties from the Multifilter Shadow-
band Radiometer, (d) radiation budget and surface fluxes, (e) soil moisture, (f) sixty-meter meteorological tower. 
The detailed descriptions of these archived data sets (https://adc.arm.gov/discovery) can be found in Supporting 
Information S1.

2.2.  PBL Depth and Cloud-Surface Coupling From Lidar

We have developed remote sensing methods to estimate the PBLH and cloud-surface coupling over land (Su, 
Zheng, & Li, 2022; Su et al., 2020), whose principles of determination are briefly introduced here. The method 
simultaneously retrieves coupled states and PBLH variability from the micropulse lidar by taking account of both 
the temporal continuity and vertical backscatter signals of the PBL. By considering the temporal variations of 
PBL, the PBL top is identified as a step signal in the function of signal gradient and wavelet covariance transform 
obtained from lidar backscatters (Brooks, 2003).

Furthermore, we used the lidar-derived PBLH, the cloud position, and the lifted condensation level (LCL) to 
identify coupled or decoupled clouds (Su, Zheng, & Li, 2022). For a coupled cloud, the turbulent fluxes gener-
ated from surface can reach the cloud-base and affect the cloud development, leading to a turbulent coupling 
between surface fluxes, PBL, and cloud. Otherwise, the cloud is in the decoupled state. Cloud is considered as 
the coupled cloud if cloud-base height (CBH) is consistent with the previous PBL top and LCL, where LCL is 
computed from meteorological parameters (temperature, RH, pressure) at the surface level (Romps, 2017). We 
also assimilate the 06:30 local time (LT) radiosonde, which provides the standard identification of cloud-surface 
coupling during the morning. Based on the radiosonde data, we can use the potential temperature profiles to 
identify cloud-surface coupling. If there is a potential temperature inversion between the cloud base and the 
PBL top, the cloud is considered to be in a decoupled state, or it is coupled with the surface. For coupled cases, 
we use the cloud position to infer PBLH under cloudy conditions. The cloud top is considered as the PBLH for 
stratiform clouds, while CBH is used to calculate PBLH for active cumulus clouds. As a diagnosis parameter, the 
cloud-surface coupling retrieved from lidar demonstrates good consistency with those derived from radiosonde 
with about 10% differences (Su, Zheng, & Li, 2022).

To investigate the impacts of clouds on PBL phase transitions, we select the cases when clouds occur before 
the transitions. Meanwhile, we only analyze the cases when clouds maintain more than 50% of the time from 
07:00–11:00 LT. Driven by the PBL convection, coupled cumulus only occurs under unstable conditions and 
is not directly related to the PBL transition from stable to unstable conditions. Thus, we primarily focused on 
the coupled stratiform clouds. As precipitation would disturb the lidar measurements, we also exclude the rainy 
cases. For analyzing the cloud radiative effects, we also require continuous measurements of cloud, radiation, 
radiosonde, and soil measurements during the daytime. Among the data under study, 425 and 322  days had 
decoupled and coupled clouds meeting the requirements of our study, respectively.

2.3.  Cloud Radiative Forcing From a Radiative Transfer Model

In this study, we use the Santa Barbara discrete ordinates radiative transfer Atmospheric Radiative Transfer 
(SBDART) model (Ricchiazzi et al., 1998) to estimate the cloud radiative forcing (CRF). The vertical profiles 
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of humidity, pressure, and temperature are obtained from the closest radio-
sonde. The CRF represents the differences in the radiative fluxes between 
cloudy and clear conditions. The net CRF at surface is calculated as the sum 
of longwave CRF and shortwave CRF, including direct and diffuse compo-
nents. We calculate the CTRC as the divergence of net radiative flux across 
the cloud top (Zheng et al., 2018).

2.4.  Estimating Surface Fluxes From a Deep-Learning-Based Surface 
Model

Land surface models are conventionally used to simulate land surface 
processes. However, the land surface model is associated with complex 
interactions between the surface and meteorology, leading to uncertainties 
from multiple sources (Bonan, 1996; Dumedah & Walker, 2014; Prihodko 
et al., 2008). As emerging powerful tools, deep learning or machine learn-
ing has been used to estimate the surface fluxes (Alemohammad et al., 2017; 
Jung et al., 2011).

This study adopted a deep neural network (DNN) to retrieve sensible heat 
from multiple inputs, including surface radiation budget, soil moisture, 
atmospheric humidity, seasonality, and time. Due to the nonlinear relation-
ship among various inputs, we use the Bayesian regularization approach 
in the deep learning model to track the complex relationship between the 
surface parameter and meteorological conditions (Burden & Winkler, 2008). 
The structure and input/output parameters of the DNN model are presented in 
Figure S1 in Supporting Information S1. We used 70% of the total samples for 
training the DNN model, then utilized the remaining 30% of the data set for 
evaluation. The cross-validation of the DNN model (Rodriguez et al., 2009) 
is presented in Figure S2 in Supporting Information S1 with a correlation 
coefficient of ∼0.9.

In this way, the linkage between surface solar radiation and surface fluxes is established over the SGP site. We 
use the SBDART model to estimate the impacts of clouds on the net surface radiation budget (Section 2.3). 
Furthermore, by changing the net surface radiation in the DNN model, we can calculate the surface sensible heat 
with or without cloud radiative effects. Thus, we can estimate the impacts of clouds on the energy supplied from 
sensible heat.

3.  Results
3.1.  Stable to Unstable Transition in the Lowest 60-m

By utilizing the 60-m tower over the SGP site, the evolution of thermodynamics in the PBL layer is investigated 
throughout the phase transition. We use the potential temperature differences (𝐴𝐴 ∆𝜃𝜃 = 𝜃𝜃surf − 𝜃𝜃60m ) between surface 
and 60m to diagnose the layer stability and identify the stable layer when 𝐴𝐴 ∆𝜃𝜃 is less than 0.1 K. The stable to 
unstable transitions occur when 𝐴𝐴 ∆𝜃𝜃 increases to exceed 0.1 K during the daytime. Note that the threshold of 0.1 K 
has been used by Zhang et al. (2018) to identify the state of the PBL (i.e., stable PBL, neutral PBL, and convec-
tive PBL). We adopted this threshold to investigate the transition from stable to unstable PBLs. The frequency of 
stable to unstable transitions of the lowest 60 m presents in Figure 1a. The peak of this transition occurs around 
09:10 LT for all the cases examined. The transition differs between clear and cloudy conditions, as well as 
between coupled and decoupled conditions. The differences in the frequencies of transition occurrence between 
cloudy and clear skies are presented in Figures 1b and 1c for coupled and decoupled conditions, respectively. 
Under the coupled conditions, it appeared much earlier than under clear-sky conditions, and the opposite is the 
case for decoupled clouds. Under coupled conditions, the transition from stable to unstable conditions occurs in 
the early morning (06:00-08:00 LT) or during the previous night. Under the decoupled conditions, the transition 
is delayed by about 0.8 hr. Such notable disparity indicates that cloud-surface coupling may have a critical impact 

Figure 1.  (a) The frequencies of occurrence in phase transitions for the 
lowest 60 m near the surface under clear-sky conditions; (b) changes in the 
frequencies of occurrence in phase transitions between the clear-sky and 
coupled cloudy conditions; (c) same as (b) but for decoupled cloud conditions. 
Solid dash lines mark the median values of the phase transition.
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on modulating the phase transition processes of PBL that are closely associated with the cloud radiative effects 
and PBL thermodynamics.

3.2.  Analyses of Cloud Radiative Forcing

To investigate the impacts of the cloud on PBL phase transition, we analyzed cloud-induced changes in net 
CRF at surface (Figure 2a) and cloud-top (Figure 2b), surface sensible (Figure 2c), and latent heat (Figure 2d) 
under the coupled and decoupled conditions. The different effects of diffuse and direct radiations at shortwave 
and longwave are presented in Figure S3 in Supporting Information S1. As the net effect, CRF is significant 
both at the surface and at the cloud top, especially under coupled conditions. The former can cool the surface, 
whereas the latter is referred to as CTRC caused by enhanced thermal radiation emission. In addition, the 
reduction in surface shortwave radiation lowers both sensible and latent heat, which is especially signifi-
cant for coupled clouds that dramatically diminish sensible heat (Figure  2c and Figure S4 in Supporting 
Information S1).

The linkage between the CRF and PBL thermodynamics can be seen from the heating rates measured by changes 
in potential temperatures under coupled and decoupled conditions (Figure 3). During the nighttime, the cooling 
effect is notable in the PBL top caused by CTRC (Figure 3a), while horizontal transport has a small contri-
bution to the cooling effect (Figure S5 in Supporting Information S1). Such a cooling effect at the PBL top 
increases the temperature gradient in the sub-cloud layer, thus enhancing the convection in the sub-cloud layer 
and further facilitating cloud development during the nighttime, even in the absence of surface heating. As CTRC 
is hampered by the increased solar insolation (Zheng et al., 2018), the magnitude of CTRC is smaller during the 
daytime (Figures 2b and 3).

Figure 2.  (a) Variations of the cloud radiative forcing (CRF) at the surface level for coupled and decoupled clouds during 07:00-12:00 local time (LT). (b) Same as (a), 
but for cloud-top radiative cooling (CTRC). (c) Same as (a), but for cloud-induced changes in surface sensible heat (SH). (d) Same as (a), but for cloud-induced changes 
in surface latent heat (LH).
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On the other hand, due to the decoupling between cloud and PBL, CTRC 
of decoupled clouds only exerts cooling effects on the free atmosphere and 
thus cannot directly affect PBL thermodynamics. The strong inversion in the 
sub-cloud layer serves as a barrier to limiting the exchange of heat fluxes 
between PBL and cloud. During the daytime, surface heating generally plays 
a dominant role in PBL development that is suppressed by clouds under both 
coupled and decoupled conditions (Figure 3b).

3.3.  The Linkage Between Cloud-Surface Coupling and PBL Evolution

CTRC and surface heating jointly regulate the phase transition of PBL 
evolution under cloudy conditions, whose mechanisms are further exploited 
here in the context of cloud-surface coupling. Figures 4a and 4b present the 
cloud-induced heating rates under coupled and decoupled clouds. Cloud can 
exert strong cooling effects at the cloud top, along with a slight heating effect 
at the cloud base. When stratiform clouds are coupled with PBL, the nota-
ble cooling effect can trigger the vertical mixing within PBL along with the 
entrainment process. Furthermore, as CTRC cools the PBL top under coupled 
conditions, it can enhance the temperature inversion capping the cloud and 
PBL, leading to suppression in the PBL growth (Lock, 1998).

Under the decoupled conditions, the CTRC is decoupled with the PBL and 
cannot affect PBL development (Figure 4b). Under this scenario, the phase 
transition of PBL is controlled by surface heating. We may thus argue that 
transition from stable to unstable conditions in the PBL is driven primarily 
by the CTRC under coupled cloud conditions, and by surface heating under 
decoupled cloudy conditions and clear-sky conditions.

To understand the role of surface heating in modulating phase transitions 
under clear-sky and decoupled conditions, we analyze the energy balance and 
its key components. Following Stull (1988), we used the morning radiosonde 
to calculate the required energy for the phase transition, which equals the 
vertical integral of temperature profiles within the inversion layer (Figure 
S6 in Supporting Information S1). The time integral of surface sensible heat 
fluxes denotes the total energy supply from surface heating. This diagram 
requires surface heating as the dominant energy source for PBL development 
(Stull, 1988), and thus is only valid for the clear-sky and decoupled clouds. 
Figure 4c presents the supplied and required energy under the clear-sky and 

decoupled clouds derived from observations. To demonstrate cloud impacts, we calculated the supplied energy 
(black line in Figure 4c) from surface sensible heat after excluding the cloud radiative effects (see Section 2.4).

As the phase transition of PBL occurs when the supplied energy exceeds the required energy, the suppression 
of supplied energy notably delays the phase transition of PBL under the decoupled condition. To quantitatively 
demonstrate this, we present the probability density functions of the phase transition time for decoupled clouds, 
as well as those by excluding cloud impacts as mentioned above (Figure 4d). On average, decoupled clouds delay 
the phase transition by 51 min and lead to 12% of cases where the phase transition occurs after 12:00 LT, prevent-
ing a typical phase transition during the morning.

The changes in phase transitions induced by coupled clouds profoundly affect the PBL evolution. Figure 5 presents 
the statistical variation in PBL and 𝐴𝐴 ∆𝜃𝜃 in the lowest 60 m, representing the thermodynamic stability of the surface 
layer. Here, we also calculate the PBL growth rate before/after the phase transitions and separately consider the 
clear-sky conditions, the decoupled condition, and the coupled condition. For the clear-sky condition, the phase 
transition generally occurs around 09:40 LT (Figure 5a). After the phase transition, the PBL growth rate substan-
tially increases, causing the PBL top rises to the top of the residual layer fueled by surface heating.

The PBL evolution under the decoupled condition is notably different compared to the clear sky condition 
(Figure 5b), for which PBL grows quickly after the phase transition. In contrast, the PBL under the decoupled 

Figure 3.  The box-and-whisker plots demonstrate the percentiles (10, 25, 
50, 75, and 90 respectively) of heating rate at the surface and the PBL top 
under clear sky (green), decoupled cloud conditions (red), and coupled cloud 
conditions (blue) during (a) the nighttime (00:00-06:00 LT) and (b) the 
daytime (06:00-12:00 LT). The heating rate is calculated as the change rate in 
the potential temperature between the beginning and the end of two periods 
based on radiosonde. The notable effects of cloud-top radiative cooling during 
nighttime (a) and surface heating during daytime (b) are marked.
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condition maintains relatively shallow at a lower rate of growth until 10:00 LT, when the phase transition occurs. 
The delayed phase transition leads to ∼30% differences in the maximum PBL position.

Under the coupled conditions, the transition from stable to unstable PBL is not controlled by surface heating 
but by the CTRC. As noted in Figure 5c, an unstable PBL statistically occurs in the early morning (∼7:00 LT) 
under the coupled cloud conditions, much earlier than the phase transition for decoupled clouds and clear-sky 
conditions. Despite the early transition, CTRC also enhances the capping inversion and thus suppresses the 
growth of PBL (Figure 4a). As the net result, PBL exhibits a slow growth during the entire morning under 
the coupled cloud conditions, in contrast to the strong growth of PBL for other conditions after the phase 
transition.

Figure 4.  Mean profiles (red lines) and standard deviations (red shaded areas) of cloud heating rate for (a) coupled clouds 
and (b) decoupled clouds. The height coordinate (𝐴𝐴 𝐴𝐴 ) has been adjusted by CTH (cloud-top height) as 𝐴𝐴 𝐴𝐴𝑠𝑠 = 𝑧𝑧∕CTH . The black 
lines and gray areas indicate the positions of PBL top (𝐴𝐴 𝐴𝐴𝑖𝑖 ) and cloud. (c) The red lines and shaded areas denote the mean and 
standard deviations of sensible heat supplied by surface for decoupled clouds, and the black line corresponds to heat supplied 
by surface without clouds. The gray line and shaded area indicate the mean and standard deviations of required heat for the 
phase transitions of PBL. (d) The probability density functions of the phase transitions with cloud radiative effects (red) and 
without cloud radiative effects (black), respectively.
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4.  Conclusions
In this study, we use comprehensive ARM measurements over the SGP to investigate the impacts of cloud-surface 
coupling on the PBL morning transition from stable to unstable conditions. We also use the radiative transfer 
model and a deep-learning-based surface model to analyze the cloud radiative effects and the energy budget for 
the PBL phase transition. As the PBL turbulences drive the coupling between clouds and the surface, we consider 
coupling with the PBL to be equivalent to coupling with the land surface. The cloud-surface coupling has been 
discovered to alter the PBL phase transition mechanisms during the morning. Overall, decoupled clouds delay the 
PBL phase transition by significantly reducing the surface net radiation budget and sensible heat. Coupled clouds 
lead to the earlier transition from stable to unstable PBL trigged by the CTRC.

The CTRC and surface heating are the two key processes associated with clouds to affect the PBL phase transi-
tions. Under the coupled conditions, CTRC cools the air masses entrained from the free atmosphere. The cooled 
air sinks down through the PBL and facilitates the convections within the PBL. Quantitatively, both the radia-
tive transfer model and radiosonde observations indicate that the CTRC can lead to a cooling rate of more than 
−1 K h −1 at the PBL top (Figures 3a and 4a), which can be regarded as the upside-down mechanism of surface 
heating. During the early morning, the CTRC is especially strong, leading to an unstable PBL without surface 
heating. Meanwhile, the CTRC can increase the capping inversion at the top of the cloud and PBL. The enhanced 
capping inversion effectively suppresses the growth of PBL because of the reverse relationship between the 
entrainment rate and capping inversion.

Figure 5.  The temporal variations during 07:00-13:00 LT of the averaged PBLH variations for (a) clear sky, (c) decoupled 
clouds, and (e) coupled clouds. In (a, c, e), solid black lines indicate PBLH variations under different conditions, and dash 
black lines indicate the mean PBLH variations for all cases. The color shaded area indicates the 𝐴𝐴 ∆𝜃𝜃 = 𝜃𝜃surf − 𝜃𝜃60m , which is 
indicator of stability within PBL (bounded by solid back lines). In (a, c), the mean phase transition times of PBL are marked 
as the pink area. In (b, d), the black dots and whiskers represent the means and standard deviation of PBL growth rates before 
and after the phase transition. For coupling conditions, there is no typical phase transition of PBL during the morning. In (f), 
the black dots and whiskers represent the average value and standard deviation of PBL growth rates during the whole period. 
The width of the color-shaded areas represents the corresponding distribution of PBL growth rates.
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For decoupled clouds, CTRC cannot directly affect PBL development due to the decoupling between clouds and 
PBL. The surface heating mechanism plays a dominant role in driving the phase transition from stable to unsta-
ble PBL, and the same mechanism is valid under clear-sky conditions. As CRF decreases the energy supplied 
from surface fluxes, the PBL phase transition is delayed by 0.8-hr (standard deviation: 0.7-hr). Meanwhile, if the 
decreased energy from surface heating is smaller than the required energy for eroding the nocturnal inversion, 
the cloud radiative effect can prevent the occurrence of the phase transition process. This mechanism explains 
the  previous observations of stable PBL during noontime (Zhang et al., 2018).

These changes in phase transitions induced by cloud-surface coupling led to large differences in PBL evolution. 
In particular, the delayed phase transition under the decoupled condition can lead to a notable reduction in the 
daily maximum PBLH compared to the clear sky. Meanwhile, the CTRC under the coupled condition leads 
to well-mixed PBLs with low growth rates during the morning. These findings attest to the important link-
age between PBL development and cloud-surface coupling, which warrants explicit parameterizations in future 
studies.

Data Availability Statement
ARM radiosonde data are publicly available at the United States Department of Energy Atmospheric Radi-
ation Measurement Data Center (https://www.arm.gov/capabilities/instruments/sonde). ARM Radiation 
measurements (QCRAD) are available at https://www.arm.gov/capabilities/vaps/qcrad. Surface sensible and 
latent heat fluxes are from the Bulk Aerodynamic Energy Balance Bowen Ratio data product (http://www.
arm.gov/data/vaps/baebbr). (3) Cloud Optical Properties are obtained from the Multifilter Shadowband Radi-
ometer (https://www.arm.gov/capabilities/vaps/mfrsrcldod). Cloud mask over SGP is publicly available at 
https://www.arm.gov/capabilities/vaps/arscl. The data of planetary boundary layer can be downloaded from 
https://doi.org/10.5281/zenodo.7374849.
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