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Key Points:

® This study develops a diagnostic approach for untangling cloud-land relationships across
distinct cloud coupling regimes.

® Field observations are utilized to assess performances of reanalysis data in representing
cloud-land interaction across different regimes.

® Findings emphasize the importance of differentiating cloud coupling regimes in

observational and modeling studies of boundary layer clouds.
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Abstract. Understanding interactions between low clouds and land surface fluxes is
critical to comprehending Earth’s energy balance, yet their relationships remain elusive,
with discrepancies between observations and modeling. Leveraging long-term field
observations over the Southern Great Plains, this investigation revealed that cloud-land
interactions are closely connected to cloud-land coupling regimes. Observational
evidence supports a dual-mode interaction: coupled stratiform clouds predominate in
low sensible heat scenarios, while coupled cumulus clouds dominate in high sensible
heat scenarios. Reanalysis datasets, MERRA-2 and ERA-5, obscure this dichotomy
owing to a shortfall in representing boundary layer clouds, especially in capturing the
initiation of coupled cumulus in high sensible heat scenarios. ERA-5 demonstrates a
relatively closer alignment with observational data, particularly in capturing
relationships between cloud frequency and latent heat, markedly outperforming
MERRA-2. Our study underscores the necessity of distinguishing different cloud
coupling regimes, essential to the understanding of their interactions for advancing

land-atmosphere interactions.

1 Introduction

Low clouds are key players in Earth's climate, influencing radiative balance and
climate feedback loops. Continental low-level clouds are influenced by the land surface
via processes occurring within the planetary boundary layer (PBL) (Betts, 2009;
Teixeira and Hogan, 2002; Schumacher and Funk, 2023; Golaz et al., 2002; Berg and
Kassianov, 2008; Yang et al., 2019; Guo et al., 2019; Zhang et al., 2017; Fast et al.,
2019a). These clouds often emerge within the PBL's entrainment zone under convective
conditions, yet their coupling with the land surface is complex and presents challenges
in accurate determination and understanding (Su et al., 2022). Thus, a comprehensive
examination of how terrestrial processes affect cloud evolution is warranted to
understand the coupling of low-level clouds with the land surface (Bretherton et al.,
2007; Moeng et al., 1996; Su et al., 2023; Xian et al., 2023; Zheng et al., 2021; Su and
Li, 2024).

Extensive research has been carried out to investigate cloud-land interactions,
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highlighting the important roles of land surface heterogeneity, evaporative fraction, and
soil moisture (Yue et al. 2017; Tang et al., 2019; Qian et al., 2023). Specifically, multiple
studies have documented how land surface heterogeneity impacts the formation of
shallow convection and development (Rieck et al. 2014; Xiao et al. 2018; Lee et al.
2019). Fast et al. (2019b) and Tao et al. (2019) have elucidated the strength of land-
atmosphere interactions and their important roles in modulating convective cloud
formation and evolution. As the majority of these studies have focused on local
convection or cumulus, the wide range of cloud types and their interactions with the
land surface present a complex and multifaceted challenge (Sakaguchi et al., 2022; Poll
etal., 2022; Tao et al., 2021). It is essential to delve into these characteristics and dissect
the cloud-land relationships across different regimes to achieve a more detailed
understanding of these interactions.

Cloud variables in reanalysis data have also been extensively utilized in numerous
studies (Su et al., 2013; Cesana et al., 2015), and have undergone detailed evaluations
for the vertical structure and spatial variations (Dolinar et al., 2016; Free et al., 2016;
Liu and Key, 2016). Several studies have reported the underestimation of low-level
cloud fraction in popular reanalysis datasets, such as the European Centre for Medium-
Range Weather Forecasts' fifth-generation global reanalysis (ERA-5), across different
regions (Miao et al., 2019; Peng et al., 2019; Danso et al., 2019). Besides, reanalysis
datasets face significant challenges in accurately representing the complex interactions
between low clouds and the land surface (Tao et al., 2021; Wang et al., 2023; Betts et
al., 2006). A gap exists in specifically assessing how these datasets capture cloud-land-
surface coupling, particularly under stratiform regimes. Consequently, further
investigation is warranted into the effectiveness of reanalysis products in representing
the relationships between clouds and land surface fluxes across different coupling
regimes.

Our study addresses two primary objectives: firstly, to develop a diagnostic
approach for untangling cloud-land relationships across distinct cloud coupling regimes;
and secondly, to evaluate the performance of prevailing reanalysis datasets in
representing these relationships across different cloud regimes. Utilizing field
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observations over the Atmospheric Radiation Measurement (ARM) Southern Great
Plains (SGP) site, we investigate the interactions between low clouds and land surface
fluxes and highlight the discrepancies with reanalysis datasets for different cloud

regimes, including coupled stratiform, coupled cumulus, and decoupled clouds.

2 Data and Method
2.1 Observational and reanalysis dataset

The ARM program, funded by the U.S. Department of Energy, has been operational
at the SGP site in Oklahoma (36.607°N, 97.488°W) for decades. We use long-term data
(1998-2020) over the SGP, including the Active Remote Sensing of Clouds (ARSCL,
Clothiaux et al. 2000, 2001; Kollias et al. 2020), thermodynamic profiles from
radiosonde, in-situ surface flux measurements, and meteorological data recorded at the
surface (Cook, 2018; Xie et al., 2010). We further use reanalysis datasets from the ERA-
5 (Hersbach et al., 2020) and Modern-Era Retrospective analysis for Research and
Applications Version 2 (MERRA-2, Gelaro et al., 2017). As the state-of-art reanalysis
data, the ERA-5 is produced by the Integrated Forecasting System (IFS) and a data
assimilation system at a fine spatial resolution of 0.25° x 0.25°. Meanwhile, the
MERRA-2 offers atmospheric and land information at a resolution of 0.5° x 0.625°
(Randles et al., 2017). An important difference between the ERA-5 and MERRA-2 is
the cloud parameterization: ERA-5 uses a prognostic cloud scheme (Tiedtke 1993) that
accounts for the impacts from previous time steps whereas MERRA-2 uses a diagnostic
cloud scheme. The procurement, processing, and quality assurance steps for
observational and reanalysis datasets are further detailed in Supporting Information

Section 1.

2.2 Identification of cloud coupling regimes

Su et al. (2022) developed a micropulse lidar-based approach to discern the cloud-
land coupling by accounting for the vertical coherence and temporal continuity of PBL
height (PBLH). Clouds are defined as coupled when the turbulence originating from
the surface is able to reach the cloud base, thereby influencing its evolution, resulting
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in a turbulence-facilitated linkage among surface fluxes, PBL, and the cloud. We
differentiate between coupled and decoupled low-level clouds using PBLH, cloud base,
and lifting condensation level (LCL). The method for calculating PBLH is detailed in
Su et al. (2020) which has been used to develop a PBLH climatological dataset at the
central facilities of SGP. LCL values are calculated using the method outlined in Romps
(2017). Coupled clouds are identified by the alignment of cloud base height (CBH) with
the lidar-detected PBL top and LCL within a defined range, while decoupled clouds,
which form independently of surface-driven updrafts, are indicated by a lack of this
alignment.

Following the determination of cloud-land coupling, we exclude precipitation
events exceeding 0.1 mm h'! to prevent distortion in lidar signals and surface flux
measurements. The study focuses on data from 09:00 to 15:00 Local Time (LT) to avoid
the late afternoon period when the PBL typically begins to decay. We exclude the
coexistence of coupled and decoupled low clouds during this period and further
implement a classification into cumulus and stratiform categories among coupled cloud
days. For coupled cumulus, two conditions are implemented in line with practices from
previous studies (Zhang and Klein 2010, 2013; Lareau et al., 2018): (1) cloud
formations must emerge after sunrise without low clouds at 08:00 LT to make sure that
clouds are driven by local convection; (2) there is absence of overcast clouds. Coupled
stratiform clouds are characterized by prolonged overcast clouds, which last more than
3 hours. Overcast low-level clouds have a cloud fraction of more than 90% based on
ASRSL data.

Figure S1 showcases these cloud regimes, with coupled cumulus manifesting as
discrete cellular formations in satellite imagery, and coupled stratiform clouds
displaying broad, extensive coverage starting from the previous night. Meanwhile,
decoupled clouds are distinguished by their separation from surface-driven PBL
activity. Applying this methodological framework has led to the identification of 631
days marked by coupled cumulus and 470 days with coupled stratiform clouds across
all seasons. In addition, we have distinguished 578 days with decoupled clouds across
two decades, excluding instances with mixed coupled and decoupled low clouds.
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Compared to the conventional approaches focused on identifying the specific types of
clouds (e.g., cumulus or stratocumulus), our approach delineates different cloud-land
coupling regimes, encompassing both coupled/decoupled states and cumulus/stratiform
regimes. This enables a comprehensive analysis of cloud-land interactions, examining

these relationships through the perspective of cloud-land coupling.

3 Results
3.1 Overall relationship between cloud occurrence frequency and surface fluxes

Our investigation begins by exploring the connection between the frequency of low
cloud occurrences and surface sensible and latent heat fluxes. The evaluation criterion
for low cloud occurrence is based on hourly cloud fraction where the maximum value
between the surface and 700 hPa exceeds a 1% threshold. This study analyzes hourly
mean data, with hourly low cloud occurrence categorized as 0 or 1. The cloud frequency
is further calculated by dividing the sum by the total number of hours analyzed. This
analysis incorporates data from both observational sources and the reanalysis datasets
of ERA-5 and MERRA-2, as detailed in Figure 1. For the overall relationship, the same
precipitation filter of 0.1 mm h! has been applied to the observation, ERA-5, and
MERRA-2. Observational findings depicted in Figures la-b showcase a dual-mode
interaction: cloud frequencies initially diminish at lower sensible heat levels and
subsequently augment with an increase in sensible heat.

When extending the analysis to reanalysis datasets, different responses of cloud to
surface fluxes emerge (Figures 1c-f). The correlation between surface fluxes observed
and those within reanalysis datasets is presented in Figure S2. While ERA-5 partially
captures the essence of the observed cloud-land relationships, particularly for latent
heat, it still exhibits discrepancies in cloud frequency concerning sensible heat. ERA-5
data reflects a trend of decreasing cloud frequency with rising sensible heat, compared
to the dual-mode interaction in the observations.

MERRA-2’s response, however, is notably different; it presents a systematic
underestimation of cloud occurrences across all surface flux ranges. Figure S3
accentuates this point by showing that both reanalysis datasets, especially MERRA-2,
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consistently underrepresent the average low cloud fractions across the spectrum of

sensible and latent heat fluxes compared to observational data.

3.2 Characteristics for different cloud regimes

To elucidate the complex relationship between cloud presence and terrestrial
influences, Figure 2 presents the changes of cloud occurrence frequency relative to
surface sensible heat for different cloud regimes. By excluding days where low cloud
regimes intermingle, we isolate the distinct behavioral signatures of each regime among
days with coupled/decoupled scenarios and clear-sky. In the juxtaposition of reanalysis
datasets against field observations, we examine the variation in cloud frequency under
different levels of sensible heat in Figure 2. For comparison, these regimes of days are
classified solely based on observational data and the relationships are calculated from
observation and reanalysis data for the same samples.

Coupled stratiform clouds are characterized by their extensive coverage and cloud
shading effects, predominating under low sensible heat conditions. As a result, there is
a notable decrease in sensible heat concurrent with the increase in cloud frequency, as
illustrated in Figures 2a-c. These clouds are associated with a well-mixed and unstable
sub-cloud layer, indicative of a dynamic exchange of heat and moisture with the
underlying surface, as depicted in Figure S4. The presence of widespread overcasting,
often concurrent with lower sensible heat, reinforces the persistence of stratiform clouds
by mitigating the drying effects of entrainment.

In the realm of coupled cumulus, an increase in sensible heat is linked to enhanced
cloud formation, as surface heating intensifies convective activity within the PBL.
During days when these clouds are present, ERA-5 data tend to underestimate the
frequency of locally generated convection under high sensible heat scenarios, as
reflected in Figure 2d-e. MERRA-2 demonstrates a significant deviation from observed
patterns, consistently missing a large fraction of low clouds (Figure 2f). Decoupled
clouds exhibit a more complex relationship with surface sensible heat (Figure 2g-i).
Although they do not interact directly with PBL thermodynamics, they exert a cloud
shading effect, leading to a suppression of surface sensible heat.
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Figure 3 shows the relationships between cloud and latent heat. In analogy with the
trends observed for sensible heat, coupled stratiform clouds demonstrate a diminishing
frequency with increasing latent heat. On the other hand, coupled cumulus clouds tend
to occur more frequently as latent heat increases, indicative of a conducive environment
for cloud coupling, possibly through mechanisms such as lowering the LCL alongside
PBL growth. This highlights that moderate to strong latent heat particularly promotes
cloud formation coupling. To address the gap between grid and point data, we employed
surface fluxes gridded to a spatial resolution of 0.25° x 0.25° for analyzing the cloud-
land relationships, revealing that the patterns of these relationships exhibit similarity
across both the gridded and point flux measurements (Figures S5 and Figure S6). In
addition, stratiform cloud frequency generally increases with the evaporative fraction,
emphasizing latent heat's role in their formation, while both ERA-5 and MERRA-2
inaccurately depict a decline in cloud frequency across evaporative fraction ranges and
also fail to accurately represent cumulus formation at lower evaporative fraction values,
which are primarily driven by sensible heat (Figure S7).

The diurnal variation in cloud fraction across the different regimes is further
illustrated in Figure 4, which underscores the notable biases present in reanalysis
datasets. MERRA-2 notably underestimates low-level cloud fractions. Despite a similar
pattern, ERA-5 struggles to represent local cumulus convection and decoupled cloud
scenarios with insufficient cloud fraction. Such underrepresentation of boundary layer
clouds culminates in a generalized underestimation of low clouds within both MERRA-
2 and ERA-5 (Figure S8). The underestimation in the low cloud fraction can also lead
to a weak surface cooling effect in reanalysis data.

Our results are related to prior studies that highlight diurnal biases in convection
over the central United States, particularly the challenges in accurately capturing local
convection and the insufficient triggering of cumulus, as detailed in studies by Tao et
al. (2021, 2023). Their studies also noted the shortfall in triggering shallow cumulus

clouds, contributing to the biases in convection patterns.
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3.3 Meteorological triggers for cloud formation across regimes

Cloud development across various coupling regimes is linked to essential
meteorological factors, particularly atmospheric instability and humidity, as indicated
by PBLH and surface relative humidity (RHsg). Figure 5a presents the coupling-
decoupling difference, calculated as the difference between the frequencies of coupled
and decoupled clouds, and examines its correlations with changes in PBLH and RHs.
Their relationships are also influenced by sensible heat marked in the grey-scale dots
showing the connections between PBLH and RHsge under an array of sensible heat
conditions. Figure 5b indicates the corresponding variations in the frequency of low
clouds under different values of PBLH and RH;.

Distinct domains emerge within the coupled cloud zone: more coupled stratiform
clouds are prevalent in environments under higher RHst and lower PBLH, typically
associated with lower sensible heat conditions. Conversely, coupled cumulus clouds
flourish under opposite conditions (i.e., lower RHg. and higher PBLH) suggestive of
higher sensible heat and strong convection. Decoupled clouds, inferred from their
negative coupling-decoupling differences, tend to occur towards lower PBLH across a
broader RH spectrum, indicating their formation is less contingent on surface-induced
convective processes. From low to high sensible heat, cloud regimes transit from
coupled stratiform to coupled cumulus clouds.

Figures 5c-d present comparative analyses of the frequency of clouds vis-a-vis
PBLH and RHst., extracted from reanalysis datasets. Notably, both the occurrence and
fraction of clouds are misrepresented in MERRA-2. While the ERA-5 clouds generally
bear closer resemblance to the observed clouds, but still differ considerably in the
occurrences of both coupled stratiform clouds and coupled cumulus. The
underrepresentation of cumulus by the reanalysis stems from inadequate PBL
development under high sensible heat scenarios (Figure 5c-d). Meanwhile, the RH is
notably lower for the low sensible heat scenarios, which are linked with stratiform
clouds. The systematic underestimation in RH can contribute to the overall
underestimation of both cumulus and stratiform clouds, as illustrated in Figure S9,
further hindering the triggering of coupled clouds. These findings underscore the
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critical need for enhancing the accuracy of surface flux and humidity representation in

reanalysis datasets, alongside refining the parametrization of their effects on convection.

4. Discussion and Conclusions

In this study, we dissect the complex relationships between low clouds and surface
fluxes over the Southern Great Plains. Building on previous studies that were primarily
focused on cloud-land interactions within shallow cumulus, we demonstrate that both
the cumulus and stratiform regimes represent distinct yet interconnected modes of
cloud-land coupling. Consequently, we explore a bifurcated interaction pattern within
the framework of cloud-land coupling, identifying that stratiform coupling prevails in
low sensible heat conditions, while cumulus coupling becomes the leading regime in
high sensible heat scenarios. Together, these findings portray the full paradigm of the
coupling between cloud and land surface, occurring under various conditions. It follows
from analyses of observations that meteorological conditions such as PBLH and RH
are instrumental in cloud formation across different regimes, with transitions from
stratiform to cumulus regimes leading to the overall pattern of cloud-land relationships.

Reanalysis datasets do not sufficiently capture the observed bifurcated interaction
pattern and present a damped decline pattern in the cloud-land relationship. MERRA-2
consistently underestimates cloud frequency across various cloud regimes, with a
particular shortfall in capturing the occurrence of coupled cumulus. ERA-5 generally
exhibits a superior correlation with observational data, notably in the context of latent
heat interactions. However, ERA-5 still shows discrepancies, especially with the
frequency and initiation of coupled cumulus. Meanwhile, both reanalysis datasets fail
to represent decoupled clouds accurately, as these clouds' formation mechanisms appear
disconnected from local PBL processes.

This assessment of different cloud regimes underscores the significance of cloud
coupling in analyzing cloud-land interactions. The initiation of convection in coupled
cumulus is closely tied to surface processes on a sub-grid scale (Tian et al, 2022). As
these cloud regimes respond to climate change, misrepresentation of these cloud
dynamics within climate models could lead to uncertainties in predictions of climate
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sensitivity, as posited by Schneider et al. (2019). The emergence of global storm-
resolving models with kilometer-scale resolutions, as detailed in Satoh et al. (2005),
Caldwell et al. (2021) and Hohenegger et al. (2023), may offer great potential for

addressing these complex modeling challenges in cloud-land interactions.
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Figure 1. Comparison of observations and reanalysis for the relationships between low
clouds and surface fluxes. Histograms represent the average frequency of low cloud
occurrences binned by surface sensible heat (a, c, €) and latent heat flux (b, d, f) during
09:00-15:00 LT. Red lines indicate the number of hours with low cloud occurrence
within each flux bin. Cases with precipitation exceeding 0.1mm h! are excluded from
analyses. The first (a, b), second (c, d), and third rows (e, f) correspond to observations,
ERA-5, and MERRA-2 respectively.
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Figure 2. Cloud occurrence frequency and surface sensible heat relationships
segregated by conditions of cloud regimes during 09:00-15:00 LT. The histograms
display the average frequency of different cloud types binned by surface sensible heat
flux for observational (OBS), ERA reanalysis, and MERRA reanalysis datasets. Panels
(a) to (c) showcase coupled stratiform clouds, panels (d) to (f) depict coupled cumulus
clouds, and panels (g) to (i) present decoupled clouds. Grey lines indicate the number
of hours with low cloud occurrence within each flux bin.
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Figure 3. Similar to Figure 2, but depicting the relationships between low cloud
occurrence frequency and surface latent heat fluxes.
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Figure 4. Diurnal variation of cloud fraction with atmospheric pressure across different
cloud regimes in observations and reanalysis data. This figure presents contour plots
that display the variation of cloud fraction during the daytime at various atmospheric
pressures for three distinct scenarios: coupled stratiform clouds, coupled cumulus, and
decoupled clouds. Each row represents one of the cloud scenarios, with observational
data (OBS) in the first column, ERA reanalysis data in the second column, and MERRA
reanalysis data in the third column.
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586  Figure 5. (a) The differences between the frequencies of coupled and decoupled clouds
587  (former minus latter) under the different ranges of Planetary Boundary Layer Height
588 (PBLH) and surface relative humidity (RHss). (b-d) The values of the low cloud
589  occurrence frequency (COF) correspond to PBLH and RH;g from (b) observations, (c)
590 ERA-5, and (d) MERRA-2. In (a), the means and standard deviations of stratiform
591  clouds and cumulus are marked. The grey-scale dots indicate the averages of PBLH and
592  RHsx for different sensible heat values. The dash white lines in (a) indicate the range of
593  standard deviations of different PBLH for different sensible heat bins. The black line
594  denoting the position of 50% COF.
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S. 1 Descriptions of datasets:

(1) Thermodynamic profiles from radiosonde

We will use radiosonde measurements to characterize the thermodynamic settings
of the PBL. Radiosondes are routinely launched multiple times at the ARM sites.
Holdridge et al. (2011) provided technical details about the ARM radiosonde. Using the
well-established method developed by Liu and Liang (2010), we retrieved PBLHs over
the SGP site based on the vertical profiles of potential temperature from radiosonde
measurements.

(2) Active Remote Sensing of Clouds (ARSCL)

We will use the well-established ARM cloud product, named ARSCL, generated for
each ARM site (Clothiaux et al., 2000; Flynn et al., 2017). ARSCL provides the vertical
boundaries of clouds by combining data from the MPL, ceilometer, and cloud radar,
conveying useful information pertaining to the vertical structure and temporal evolution
of clouds (Kollias et al., 2007). For the lowest cloud base, we will use the best
estimation from laser-based techniques (i.e., MPL and ceilometer). Based on ARSCL,
Xie et al. (2010) offers a comprehensive dataset of cloud fraction profiles.

(3) Surface fluxes

Surface fluxes are critical for PBL development and closely interact with low clouds
as the driving force. A value-added product at ARM called the bulk aerodynamic latent
and sensible heat fluxes from energy balance Bowen ratio (BAEBBR) was generated
to replace energy balance Bowen ratio flux measurements with a bulk aerodynamic

estimation when the Bowen Ratio (Wesely et al., 1995). We use the Best Estimate
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Sensible/Latent Heat Fluxes in the BAEBBR product.
(4) ARMBE2DGRID

The ARMBE2DGRID VAP provides a dataset by integrating key surface
measurements from the Southern Great Plains sites, consolidating them into a uniform

2D grid (https://www.arm.gov/capabilities/science-data-products/vaps/armbe2dgrid).

The dataset delivers hourly data with a spatial resolution of 0.25° x 0.25° It
encompasses a wide range of products including Surface Meteorological
Instrumentation, data from Oklahoma Mesonet and Kansas State University Mesonet,
Quality Controlled Radiation Data, observations from Geostationary Operational
Environmental Satellites, Microwave Radiometer, Best-Estimate Fluxes from
BAEBBR, ECOR outputs, and Soil Water and Temperature System data. Rigorous
Quality Controls are employed to ensure the reliability of the data.
(5) MODIS aboard the NASA Aqua and Terra

NASA's Aqua and Terra satellites, carrying the Moderate Resolution Imaging
Spectroradiometer (MODIS), provides high-quality data on global cloud coverage. The
corrected reflectance product from MODIS offers a true-color view of the Earth's
surface and atmosphere, allowing for accurate confirmation of cloud presence and
extent (Schaaf et al., 2002). By analyzing the true-color imagery, we can inspect cloud
regimes, checking stratiform and cumulus for coupled clouds. NASA MODIS

imageries are achieved in https://worldview.earthdata.nasa.gov/.

(6) ERA-5 Reanalysis Data

As one of the most advanced and widely used reanalysis data, ERA-5, produced
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by the European Centre for Medium-Range Weather Forecasts (ECMWF), provides a
high-resolution, hourly updated global atmospheric reconstruction (Hersbach et al.
2020). Utilizing advanced assimilation of vast amounts of observational data, ERA-5
offers comprehensive climate variables, including temperature, humidity, wind, and
cloud properties. We used this dataset to compare cloud-land relationships between
observation and reanalysis datasets. With its fine spatial resolution and temporal
coverage, ERA-5 allows for analysis of cloud formation, relating to PBL
thermodynamics and surface processes.
(7) MERRA-2 Reanalysis Data

The Modern-Era Retrospective analysis for Research and Applications, Version
2 (MERRA-2), developed by NASA, is an improved reanalysis dataset focusing on the
representation of the hydrological cycle, aerosols, and atmospheric composition
(Gelaro et al., 2017). MERRA-2 integrates satellite and ground-based observational
data to provide a coherent record of the global atmosphere. The low cloud fraction data
are provided at a temporal resolution of one hour, while the vertical cloud fraction are
available at three-hour intervals. In this study, MERRA-2's extensive coverage and
detailed depiction of atmospheric variables are used to examine the cloud occurrences

and their relationship with surface fluxes.
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Figure S1. Daily vertical profiles of backscatters for coupled cumulus (a, Case 1) and
coupled stratiform cloud (b, Case II). Backscatter is normalized to a range of 0-1, in
arbitrary units. Red dots and blue dots indicate the CTH and CBH of coupled cloud.
Black lines and green stars mark the PBLH retrieved from MPL and radiosonde. (c and
d) 2-D view of the corrected reflectance (true color) derived from MODIS (Aqua) for

Case I (c) and Case II (d). The red circle marks the position of SGP site. (e-f) Daily
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693  vertical profiles of backscatters and the satellite image for decoupled cloud (Case III).
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695  Figure S2. Density scatterplots of the comparison between observed surface fluxes and
696  reanalysis surface fluxes during 09:00-15:00 Local Time (OBS SH: observed sensible
697 heat; OB LH: observed latent heat; ERA SH: sensible heat from ERA-5; ERA LH:
698 latent heat from ERA-5; MERRA SH: sensible heat from MERRA-2; MERRA LH:
699 latent heat from MERRA-2). The correlation coefficients (R) are given in each panel.
700  The solid black lines represent the linear regression, and the dashed grey lines denote
701 1:1 line.
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706

707  Figure S3. Comparison of average low cloud fraction across varying ranges of sensible
708  and latent heat fluxes. The low cloud fraction is defined as the maximum cloud fraction

709  occurring between the surface and 700 hPa. The data are categorized by source, with
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710  observations (OBS), ERA-5, and MERRA-2 depicted in pink, blue, and green bars,

711 respectively.
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713 Figure S4. The average profiles of RH (red line) and virtual potential temperature (6,
714 blue line) for (a) coupled stratiform cloud, (b) coupled cumulus, and (c¢) decoupled
715  cloud. The vertical scale is normalized by CBH (black dash line). The red and blue
716  shaded areas indicate the standard deviations for RH and virtual potential temperature,

717  respectively.
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Figure S5. Cloud occurrence frequency and surface sensible heat relationships
segregated by conditions of cloud regimes during 09:00-15:00 LT. The histograms
display the average frequency of different cloud types binned by surface sensible heat
flux for point observation (OBS) from the BAEBBR and for the 2D observation (OBS
2D) from the ARMBE2DGRID. Grey lines indicate the number of hours with low cloud

occurrence within each flux bin.
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731 Figure S6. Similar to Figure S5, but depicting the relationships between low cloud

732 occurrence frequency and surface latent heat fluxes.
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Figure S7. Similar to Figure S5, but depicting the relationships between low cloud

occurrence frequency and evaporative fraction. Evaporative fraction is calculated as

Latent Heat

Latent Heat+Sensible Heat’
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747  Figure S8. Diurnal Variation of Cloud Fraction in Observations and Reanalysis Data.
748  Contour plots represent the diurnal cycle of cloud fraction as a function of pressure (in

749  hPa) for observational (OBS, a) and two reanalysis datasets (ERA and MERRA, b-c).
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Figure S9. Diurnal variations in PBLH and RH across different sensible heat (SH)
scenarios. The graphs illustrate the progression of PBLH and RH throughout the day,
segmented into three sensible heat categories: low (0-200) (a, d), median (200-400) (b,
e), and high (>400 W m?) (¢, f). Solid lines represent the mean values from
observations (Obs), ERA-5 reanalysis (ERA), and MERRA-2 reanalysis (MERRA).
Shaded areas indicate one standard deviation from the mean, providing a visual

representation of variability within each dataset.
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