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Abstract To enhance our understanding of cloud simulations over land, this study provides the first
assessment of coupling between cloud and land surface in the Large-Eddy Simulation (LES) Atmospheric
Radiation Measurement Symbiotic Simulation and Observation (LASSO) activity for the shallow convection
scenario. The analysis of observation data reveals a diurnal cycle of cloud-land coupling, which co-varies with
surface fluxes. However, coupled (or decoupled) cumulus clouds are inadequately simulated, manifesting as a
too-high (or low) occurrence frequency during the afternoon. This discrepancy is mirrored by the overestimated
cloud liquid water path and cloud-top height. These overestimations are linked to the overpredicted boundary-
layer development and the easier trigger of shallow convection misrepresented in LES runs. Our study
underscores the need to improve the representations of boundary-layer processes and cloud-land interactions
within LES to better simulate shallow clouds in the future.

Plain Language Summary Cloud-surface coupling is crucial in weather and climate predictions, yet
its processes, particularly over the land surface, remain poorly understood. This study examined the evolution of
coupled cloud occurrence frequency and cloud macro-physical properties [e.g., cloud fraction, liquid water path
(LWP), and cloud-top height (CTH)] in LASSO Large-Eddy Simulations (LESs) for 77 shallow convection case
days against observations. We found that LES runs erroneously simulate a too-high occurrence frequency of
coupled cumulus clouds during the afternoon. In accord with that, shallow convection development is also
markedly overestimated during the same period, manifested by overestimated cloud LWP and CTH. These
errors are possibly linked to the misrepresentation of a key physical process, namely, the shallow convective
trigger, which needs to be improved to achieve more accurate cloud simulations.

1. Introduction

Land-atmosphere interactions play a crucial role in the weather and climate system (Catalano et al., 2016;
Dickinson, 1995; Entekhabi, 1995). Through fluxes of moisture and heat at the Earth's surface, land-atmosphere
interactions affect the planetary boundary layer (PBL) temperature, moisture, precipitation, and cloud properties,
which in turn affect downward radiative fluxes reaching the Earth's surface (Qian et al., 2013; Santanello
etal., 2018; Zhang & Klein, 2010, 2013) The coupling between the surface and low-level clouds is a crucial aspect
of land-atmosphere interactions.

Enhancing the understanding of cloud-surface coupling is fundamental to improving representations of PBL
processes and cloud properties in numerical models. The impact of cloud-surface coupling states on boundary-
layer clouds was recently examined by Su et al. (2023), who found that the coupled cloud-surface is condu-
cive to the PBL morning transition from a stable to unstable layer, whereas the decoupled system tends to prolong
the persistence of the stable layer, thereby delaying the transition. Meanwhile, cloud-surface coupling is sig-
nificant to cloud formation and development. By mediating the moisture and energy budget of the boundary layer,
the coupling of low clouds with the surface affects boundary-layer turbulent mixing, cloud-top entrainment,
precipitation, and related processes, which control cloud development (Dussen et al., 2014, 2015; Sandu
et al., 2010; H. Zhang et al., 2023; Y.-T. Zheng, Zhang, & Li, 2021, Zheng, Zhang, Rosenfeld, et al., 2021). The
coupling-induced changes in these boundary-layer dynamic and thermodynamic characteristics also possibly
influence the sources and sinks of cloud condensation nuclei and then low clouds via aerosol-cloud interactions
(Su, Li, Henao, et al., 2024; Wang et al., 2011). The physics of cloud-surface coupling has been mostly inves-
tigated over the oceans. For instance, during the stratocumulus-to-cumulus transition where cloud decks advect
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toward warmer water, several mechanisms can cause the decoupling of clouds from the surface, like enhanced
entrainment warming (Bretherton & Wyant, 1997), precipitation-induced PBL stabilization (Nicholls, 1984), and
daytime decoupling by solar radiation that counterbalances cloud-top radiative cooling (Nicholls &
Leighton, 1986). In contrast, when cloud decks move toward colder water, surface cooling leads to cloud decks
being completely decoupled from the surface by stabilizing the surface-atmosphere interface (Y.-T. Zheng,
Zhang, Rosenfeld, et al., 2021). Despite numerous advances in marine-cloud-surface coupling, the mechanisms of
cloud-land coupling remain less understood, partly due to more complex surface conditions (e.g., large hetero-
geneities in surface heat fluxes).

The U.S. Southern Great Plains (SGP) has been a hotspot region for studying land-atmosphere interactions (e.g.,
Tang et al., 2018; Trier et al., 2011; Y. Zheng et al., 2015), due to its long-term high-quality observations of a wide
variety of measurements that fully characterize both the atmosphere and the surface. By providing high-quality
initial profiles and forcings, these observations allow for high-resolution simulations of shallow cumulus cases at
the SGP site, so-called the Large-Eddy Simulation (LES) Atmospheric Radiation Measurement (ARM) Sym-
biotic Simulation and Observation (LASSO) activity, which offer a complete and physically consistent picture of
the atmospheric state (Gustafson, Vogelmann, Li, et al., 2020). With fine resolutions, LASSO LES simulations
help enhance a process-level understanding of cloud and boundary layer processes, such as the coupling of clouds
with the land surface.

While we have examined the cloud-surface coupling relationship using observation data over both oceans (Y.-T.
Zheng, Zhang, & Li, 2021; Zheng, Zhang, Rosenfeld, et al., 2021) and land (Su et al., 2023; Su, Li, Zhang,
et al., 2024), understanding the driving mechanisms and underlying processes requires model simulations, most
suitably by the LASSO LES, which to date have not been done. Gustafson, Vogelmann, Li, et al. (2020) have
compared simulated shallow cloud fields against observations, revealing significant challenges for LES in
accurately simulating the diurnal cycle of shallow cumuli, for example, failing to capture the peak in cloud
fraction and substantially underestimating cloud fraction in the afternoon. Moreover, they highlighted the sig-
nificance of large-scale forcing on cloud simulation throughout the day. Detailed comparisons of cloud fraction,
liquid water path (LWP), and cloud-base height (CBH) were archived in LASSO bundles (Gustafson, Vogel-
mann, Cheng, et al., 2020). Despite these advancements, cloud-land coupling processes in LASSO LES simu-
lations have not yet been evaluated. To fill this gap, our investigation assesses the representation of cloud-land
coupling in LES simulations and its consequential impact on cloud macro-physical properties, revealing the
crucial role of cloud-land coupling in the simulations. Such an examination is crucial for understanding the
physics of cloud-land coupling and for improving shallow cloud simulations in future LASSO experiments.

2. Methodology
2.1. LASSO LES Simulation

The LASSO project was designed to complement the U.S. Department of Energy (DOE) ARM program's
extensive suite of measurements, helping bridge the scale gap between ARM observations and models (Gus-
tafson, Vogelmann, Li, et al., 2020). For example, LASSO LES cases have demonstrated their usefulness in
parameterization development (Angevine et al., 2018). LASSO keeps adding shallow cumulus cases over land at
the ARM SGP site, culminating in ensemble simulations for 95 case days from 2015 to 2019 (Gustafson,
Vogelmann, Cheng, et al., 2020; Sisterson et al., 2016). Simulation results are sensitive to the initial and boundary
conditions and advection terms supplied to the LES (Basu et al., 2008). LASSO addresses this issue by using
different large-scale forcings for each case day, thus producing numerous ensemble members to explore possible
correct solutions (Gustafson, Vogelmann, Li, et al., 2020, Gustafson, Vogelmann, Cheng, et al., 2020). In addition
to forcing data sets, model settings, such as domain size and microphysics schemes, are also varied to increase the
possibility of correct results.

LASSO has conducted multiple sets of simulations for 95 case days, each identified by a unique ID number and
featuring different large-scale forcings. It is noted that, in one simulation set, the model configurations (e.g., large-
scale forcing, microphysics scheme, and domain size) for the 18 case days in 2015-2016 significantly differ from
the rest in 2017-2019. To ensure consistent modeling setups across cases, we focused our analysis on the 77 case
days from 2017 to 2019. We chose the ID5 data set to examine the performance of LES in simulating cloud-land
coupling. This set of simulations for the selected case days was run using the Weather and Research Forecasting
LES model, initialized with 12 UTC radiosonde soundings from the Central Facility (Gustafson, Vogelmann,
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Cheng, et al., 2020). The large-scale forcings were specified by the European Center for Medium-Range Weather
Forecasts (ECMWEF) forecasts (with a forcing scale of 114 km in 2017-2018 and 413 km in 2019), and surface
forcings were derived from the observationally based ARM constrained variational analysis, known as
VARANAL products (Xie et al., 2004). The domain size was set to 25 km, and the Thompson scheme was
adopted for microphysics. Each simulation was conducted for 15 hr with a model output frequency of every
10 min and a vertical grid spacing of 30 m (up to 5 km). We also examined other sets of simulations (ID1-4),
driven by different forcings: no forcing, VARANAL300, ECMWF16, and ECMWF413, where the number de-
notes the forcing scale. These sets exhibit similar results to ID5 (see Figures S1-2 in Supporting Information S1),
suggesting no significant influence of large-scale forcings on our main results. The detailed model configurations
for the selected case days in ID1-5 were archived in Zhang et al. (2024).

The first several hours of the simulations (i.e., in the early morning) represent the transient transition toward a
spun-up model state and may not be fully representative of the model behavior. Therefore, it is important to bear
in mind that our evaluations during these early hours are subject to spin-up effects.

2.2. Observations at the SGP Site

For model assessment, this study utilizes the comprehensive cloud, PBL, and meteorological data sets measured
at the SGP site from 2017 to 2019, matching the 77 case days. These data sets provide high-frequency cloud
macro-physical properties such as cloud fraction and LWP, as well as PBL height (planetary boundary-layer
height (PBLH)), lifted condensation level (LCL), and surface fluxes, either directly or through derived ways.

The observed cloud fraction (15-min resolution) is estimated through cloud occurrence frequency measured by
vertically pointing lidar and radar and sampled in time from the ARM Active Remote Sensing of Clouds
(ARSCL) Value-Added Product (Clothiaux et al., 2000). In LES runs, cloud fraction is derived from grid cells
with the sum of the cloud and rainwater mixing ratios greater than 10~7 kg/kg (Gustafson et al., 2018). For both
observations and LES runs, boundary-layer cloud fractions [called low-cloud fraction (LCF) in our study] are
calculated by a cumulative frequency of 15-min cloud occurrences, as identified by ARSCL below 5 km
(Gustafson et al., 2018). CBH is determined as the lowest altitude with a cloud fraction greater than zero. Cloud-
top height (CTH) is defined as the point at which the cloud fraction reduces to zero for the first time when
ascending from the cloud base. Clouds spotted above are not considered here. However, cloud masks derived
from ARSCL suffer from observation uncertainty. Fairless et al. (2021) demonstrated that ARSCL retrievals are
prone to contamination above the cloud base from insects. These retrievals overestimated CTHs compared to the
Clouds Optically Gridded by Stereo (COGS) product that is not susceptible to such contamination by using stereo
photogrammetry to identify three-dimensional cloud volumes (Romps & Oktem, 2018). Note that COGS is only
available for the 2018 and 2019 LASSO cases since the stereo cameras used for observations were installed in
2018. Our analysis of 2018-2019 LASSO case days supports their findings, showing a systematic overestimation
in CTH over time in ARSCL (Figure S3 in Supporting Information S1). The impact of this bias in ARSCL on our
results is discussed in Section 3.2.

The observed in-cloud LWP (10-min resolution) is based on microwave-radiometer-only retrievals from the two-
channel microwave radiometer (Turner et al., 2007). For LES runs, the simulated in-cloud domain-averaged LWP
is computed by taking LWP columns with values greater than 3 g/m> (Gustafson, Vogelmann, Cheng,
et al., 2020).

The high-resolution (10-min) PBLH is estimated from micropulse lidar data using the function of signal gradient
and wavelet covariance transform obtained from backscatter signals (Su et al., 2020). Complementing the lidar-
based approach, the PBLH is also determined over the SGP site using the method proposed by Liu and
Liang (2010), which relies on vertical thermodynamic profiles from radiosonde measurements. These radiosonde
launches, detailed by Holdridge (2020), occur multiple times a day at ARM sites, offering accurate but less
frequent PBLH observations. For consistency in our methodology, we employ the Liu and Liang (2010) method
to the LASSO output for PBLH calculations. This PBLH serves as the key parameter for calculating cloud-land
coupling metrics.

Additionally, routine measurements of surface meteorological variables at the SGP site, including air tempera-
ture, relative humidity, and barometric pressure, are recorded at 10-min intervals. We use the Romps (2017)'s
method to calculate the LCL from the surface meteorology. Lastly, observed surface sensible fluxes, available at a
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Figure 1. (a) Number of cases for coupled (orange curves) and decoupled (gray curves) clouds for each hour from
observations (dashed curves) and Large-Eddy Simulation (LES) runs (solid curves). (b) Percentage of coupled-cloud and
decoupled-cloud cases relative to their total count for each hour from observations. Panel (c) The same as panel (b), but from
LES runs. (d) The strength of cloud-land coupling (defined as the difference in potential temperature between the cloud base
and the surface) at four different hours from observations (yellow) and LES runs (green). The boxplot shows the10th, 25th,
50th, 75th, and 90th percentile values. The black square represents the mean value. The red number above shows the
sampling number for each hour.

30-min resolution, are obtained from the Bulk Aerodynamic Energy Balance Bowen Ratio data product
(BAEBBR; Wesely et al., 1995).

For comparison, all variables from both observations and model outputs used in this study are averaged up toa 1-
hr value. These comprehensive data sets from different sources collectively provide a comprehensive approach to
accurately assess PBLH, surface conditions, and their influence on cloud dynamics.

2.3. Coupling Metrics

For a coupled cloud-land system, turbulent fluxes generated from the land surface can reach the cloud base and
affect the cloud development (i.e., surface fluxes, PBL, and cloud are coupled together via PBL turbulence).
Otherwise, the cloud is decoupled from the surface (Su et al., 2023). To quantitively determine cloud-land
coupling, the relative position of the cloud base to the PBL top or LCL is used. Following Su et al. (2022), a
cloud deck is considered coupled from the surface if it satisfies any of the two following criteria:
CBH < PBLH + 0.2 km or CBH < LCL + 0.15 km, where the overbar denotes the hourly mean. CBH is set to be
smaller than 4 km due to our focus on shallow clouds. For observations, the PBLH is lidar-derived. Su
et al. (2022) have shown that the coupling metric retrieved from lidar demonstrates good consistency with those
derived from radiosonde within about a 10% difference. Should neither of the conditions be satisfied, the cloud is
regarded as decoupled from the surface. The number of coupled and decoupled cases for each hour from ob-
servations and LES runs is summarized in Figure 1a.

In addition to the identification of cloud-land coupling, the static stability of sub-cloud layers is used to determine
the strength or degree of cloud-land coupling, calculated as the difference in potential temperature between the
cloud base and the surface. The larger the stability is, the less the cloud is coupled from the surface.
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Figure 2. Time-height cross sections of cloud fraction averaged for the 77 case days under coupled conditions from

(a) observations and (b) Large-Eddy Simulation (LES) runs. The red and black dashed lines represent the boundary-layer
height (lidar-derived for observations and the Liu and Liang (2010) method for LES runs) and the lifted condensation level,
respectively. Yellow dots denote the radiosonde-derived planetary boundary-layer height. Panel (c) presents comparisons of
low-cloud fraction (LCF) between observations (blue) and LES runs (gray) for coupled clouds. LCF is sorted into four
periods: Early Morning (EM, 0600-0900), Late Morning (LM, 0900-1200), Early Afternoon (EA, 1200-1500), and Late
Afternoon (LA, 1500-1800). For each period, the left boundary is included, with the right excluded. The boxplot shows the
10th, 25th, 50th, 75th, and 90th percentile values. The black square represents the mean value. The red number denotes the
sampling count for each period. Panels (d, f) are the same as panel (c), but for in-cloud liquid water path, cloud-base height,
and cloud-top height, respectively.

3. Results
3.1. Occurrence Frequency of Coupled Cumulus Clouds

Figures 1b and 1c compare the evolution of the occurrence frequency of coupled and decoupled clouds (refer-
encing their total count) between observations and LES runs. From observations, an evident diurnal cycle is
observed in the frequency of coupled clouds (see orange bars in Figure 1b): lowest in the early morning,
increasing steadily throughout the morning hours, reaching a peak around 1300 Local Time (LT; UTC — 6 hr),
then gradually declining during the afternoon. The observed diurnal cycle of the coupled cloud frequency aligns
with the variations in surface sensible heat fluxes (SHF) (Figure S4 in Supporting Information S1). However, LES
runs do not capture this feature: They display a sharp increase in coupled cloud frequency in the early morning,
followed by a gradual rise in the later morning hours, and then a consistent leveling off throughout the afternoon
(Figure 1c). In other words, LES runs only correctly capture the surface-heat-driven variations in coupled cloud
frequency in the morning, missing this feature in the afternoon. Moreover, the frequency of coupled clouds is
significantly overestimated in LES runs, especially in the afternoon.

Figure 1d illustrates the evolution of cloud-land coupling strength, measured by the stratification of sub-cloud
layers. More destabilized (stratified) sub-cloud layers represent a more coupled (decoupled) cloud-land sys-
tem. Observations show no significant changes in coupling strength in the morning, followed by a significant
decrease later in the day. This variation in the afternoon is consistent with the observed trend in coupled cloud
frequency. However, as opposed to the observed decreasing trend, an insignificant change in coupling strength
during the afternoon is mistakenly represented by LES runs.

3.2. Evaluation of Coupled Cloud Properties

In this section, we mainly focus on evaluations of cloud properties under coupled conditions, given too few
decoupled cloud cases in the data set (Figure 1a). Figures 2a and 2b compare the evolution of cloud fraction of
coupled cumulus between observations and LES runs. According to observations, cloud layers are lowest but
thickest in the morning (Figure 2a). With sunrise, clouds start developing throughout the day, manifested by an
increasingly rising cloud base. Meanwhile, the CTH does not change significantly, leading to a reduced cloud
thickness over time. It should be noted that Figure 2 averages only the coupled cloudy cases. The average of
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coupled cloudy cases during the morning tends to include stratiform clouds rather than the shallow cumulus
clouds that develop throughout the daytime (Su, Li, Henao, et al., 2024). Stratiform clouds are typically
characterized by relatively high and stable cloud tops, which explains the observed relatively constant CTH in
the morning. In contrast, LES runs can generally capture the rising trend in the CBH (Figure 2b). However,
other cloud properties are not properly represented in LES. For example, cloud fraction is significantly
underestimated all day, and variations in cloud thickness are opposite to those observed, with thicker cloud
layers simulated in the afternoon.

A thorough examination of the simulated cloud properties (LCF, in-cloud LWP, CBH, and CTH) for coupled
cumulus clouds is presented in Figures 2c—2f. These properties are sorted into four three-hour intervals from 0600
LT to 1800 LT for a robust comparison: early morning (EM), late morning (LM), early afternoon (EA), and late
afternoon (LA). The observed LCF's inverted V-shaped pattern, peaking in the LM or EA, is well captured by
LES runs, although LCF is significantly underestimated by the model throughout the day (Figure 2c). These
results hold when examining observed LCF by the total-sky imager (Morris, 2005) that provides retrievals of
fractional sky cover (Figure S5 in Supporting Information S1). In terms of LWP, observations and LES runs
exhibit a similar inverted V-shaped pattern (Figure 2d), but LES runs notably overestimate LWP in the afternoon,
suggesting an exaggerated simulation of shallow convection. The misrepresentation of overshooting shallow
convection is further corroborated by the overestimated CTH (Figure 2f). It is noted that insect contamination in
ARSCL causes an overestimation of CTH, indicating that LASSO simulations may exaggerate the vertical extent
of afternoon cumulus clouds more severely than what is observed in reality. Compared to other variables, the
simulated CBH aligns relatively well with observations (Figure 2e).

3.3. Misrepresented PBL Processes

Our analyses revealed notable biases in cloud properties such as the overestimated LWP and CBH in the af-
ternoon, which coincide with an overstated probability of coupled cloud occurrence. These discrepancies appear
to stem from erroneous PBL simulations, indicated by concurrently overestimated PBLH (Figure 2a vs. Figure 2b,
or Figure 4b). Figure 3 shows the relationship between observed (or simulated) cloud properties and their cor-
responding PBLHs under coupled conditions in the afternoon. No significant correlations are seen between LCF
and PBLH in both observations and simulations (Figures 3a and 3b), suggesting that the bias in simulated LCF is
not related to misrepresented PBLH development (Figure 3c). This warrants further investigation. However, a
significant correlation is noticed between LWP and PBLH (Figure 3d), which is more pronounced in LES runs
(Figure 3e). This indicates that the overestimation of LWP is associated with the exaggerated PBLH (Figure 3f),
also true for the overestimated CTH (Figures 3g-3i).

The overestimated PBLH is possibly related to the effect of surface forcings. In LES runs, the PBL development is
subject to the interplay between PBLH, turbulent kinetic energy (TKE), and surface fluxes (Figure S8 in Sup-
porting Information S1): Increased surface fluxes (mainly SHF) drive stronger buoyancy fluxes within the PBL.
These buoyancy fluxes predominantly contribute to the production of the TKE, whose increase finally prompts a
rise in the PBLH. Due to the limited observed variables, we cannot examine these processes against observations
stepwise. As a surrogate, we skip the intermediate physical processes and directly evaluate the responses of the
PBLH to SHF. Figure 4a compares the PBLH versus the cumulative SHF from 1000 LT to 1700 LT between the
model and observations, demonstrating that the PBLH is more sensitive to SHF variations in LES runs than in
observations. This suggests that the LES model, given the same increment of sensible heat, tends to drive stronger
PBL turbulence and more vigorous PBL development.

The enhanced efficiency of surface fluxes in driving PBL turbulence facilitates easier triggering of convection in
the afternoon, potentially elucidating the higher frequency of coupled clouds in LES runs. The easier convective
trigger is supported by Figure S6 in Supporting Information S1, showing a substantially larger value in (PBLH —
LCL) in LES runs during the afternoon, where (PBLH — LCL) generally represents the tendency of the
convective trigger (Wei et al., 2023). Because a convective cloud updraft tends to form if the cloud-initiating
parcel reaches the LCL (Deng et al., 2003), the vertical velocity of the initial parcel (related to TKE in the
PBL) and LCL are the two dominant factors that influence the convective trigger. To facilitate its comparison,
PBLH is used as a surrogate for TKE, with the near-surface relative humidity (RH;.) for LCL because simulation

biases of LCL are dictated by those of RH;. in the afternoon (see Figures S7a—c in Supporting Information S1). In
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Figure 3. Scatter plots of low-cloud fraction (LCF) versus planetary boundary-layer height (PBLH) from 1000 LT to 1700 LT
from (a) observations, (b) Large-Eddy Simulation (LES) runs, and (c) LES runs minus observations, respectively. The dashed
line in each panel is the best-fit line from linear regression. The unbracked number is the correlation coefficient between LCF
and PBLH, with the p-value shown in brackets. The gray dashed lines near the axes show the probability density functions
of variables LCF and PBLH. The other two rows are the same as the first row but for liquid water path and cloud-top height.

that regard, the triggering of shallow convection can be represented by ¢(PBLH, RH;.), where ¢ is a trigger
function.

Figures 4c and 4d compare cloud occurrence frequencies as a function of PBLH and RH;, (¢) between LES runs
and observations. Consistent with conventional wisdom, clouds are overall more easily triggered in humid and
turbulent environments (Figure 4c). This phenomenon is well captured by LES runs (Figure 4d). However, clouds
are triggered less in drier and more stable environments (indicated by dark colors), while significantly triggered
more in turbulent conditions (highlighted by yellow colors). The latter well explains the LES runs' tendency to
overestimate the frequency of coupled cloud occurrences in the afternoon when the PBL becomes more turbulent.
The easier trigger of afternoon shallow convection in LES runs indicates a tighter coupling between the PBL,
clouds, and the land surface. This excessive coupling strength partly arises from the high sensitivity of the PBL
TKE to SHFs, which could be mitigated by reducing the coefficient for the surface-heat-flux term in the TKE
budget equation. Additionally, the simplification of the land model in LES runs by prescribing surface fluxes
contributes to this issue. It fails to consider the dynamic negative feedback of increased LWP on surface energy
(surface shading by clouds), which typically weakens shallow convection. Furthermore, this simplification
overlooks the roles of surface heterogeneity and cloud-shadow-induced dynamic heterogeneity in land-
atmosphere interactions, exacerbating LWP overestimation (Xiao et al., 2018).

4. Summary

This study constitutes a preliminary assessment of cloud-land coupling in the LASSO LESs (LES), focusing on
77 case days with shallow convection. Our examination delves into cloud-land coupling processes, contrasting
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Figure 4. (a) Scatter plot of planetary boundary layer height (PBLH) versus cumulative sensible heat fluxes (SHF) (starting
from 0600 LT; £ SHF) from 1000 LT to 1700 LT between observations (blue) and Large-Eddy Simulation (LES) runs (red).
The dashed lines are the best-fit lines from linear regression. Unbracketed numbers are correlation coefficients between
PBLH and X SHF, with p-values shown in brackets. (b) Joint probability density functions (PDFs) of the PBLH and the near-
surface relative humidity (RH;) between LES runs (red) and observations (blue). The solid lines near the axes show the
PDFs of the PBLH or RH;... Panels (c), (d) show cloud occurrence frequencies corresponding to PBLH and RH . from 1000
LT to 1700 LT for observations and LES runs, respectively. For each case, cloud occurrence is determined when the low-
cloud fraction exceeds 0.02.

LES simulations with observations. The diurnal patterns of coupled cloud occurrence in observations are closely
tied to local time and diurnal variations of surface fluxes. LES runs can broadly capture this evolution but
overestimate coupled cloud occurrences in the afternoon, mirrored by the overprediction of cloud LWP and the
vertical extent of cuamulus clouds. These overestimated cloud properties are found to be related to a more vigorous
PBL simulated by LES runs. The overestimation of coupled cloud occurrence frequency in the afternoon is likely
caused by a more efficient trigger of shallow convection represented in the LES model, given the same level of
turbulent energy and moisture background. This highlights a deficiency in the representation of cloud-land in-
teractions and boundary layer processes. One potential limit of our study is that we did not examine the sensitivity
of the results to the choice of microphysics schemes, which might affect cloud-surface coupling by changing
precipitation. It warrants further investigation. This study underscores the crucial need to enhance cloud-land
coupling in LESs, possibly through decreasing the coefficient for the surface-heat-flux term in the TKE
budget equation or employing an interactive land surface model, as discussed in Section 3.3. Improvements in
cloud-surface coupling will not only help increase the accuracy of cloud simulations in future LASSO experi-
ments but also refine the representation of cloud-aerosol interactions near the surface, considering the influence of
coupling on the PBL vertical mixing of aerosols.

Data Availability Statement

Model outputs from LASSO LESs and observed cloud properties derived from ARSCL and COGS data sets over
the SGP are available at the LASSO bundle browser (Gustafson, Vogelmann, Cheng, et al., 2020). ARM
radiosonde data are available at Holdridge (2020). Surface SHF are from the Bulk Aerodynamic Energy Balance
Bowen Ratio data product (Zhu et al., 2023). PBLH data derived in this study and model configurations for
selected case days in ID1-5 are available at Zhang et al. (2024).
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