
1. Introduction
Continental shallow cumulus (ShCu) clouds are important for the surface energy balance and water budget 
because of their radiative and moistening effects and their seeding role to evolve into heavy-precipitating 
hot-tower clouds (Berg et al., 2011; Dong et al., 2005; Zhang & Klein, 2010, 2013). ShCu clouds are tightly 
coupled with the underlying land surface. The preference of cloud occurrence for different land cover types has 
been investigated in various ways, such as natural versus agricultural, forest versus deforested, and metropolitan 
versus rural (e.g., Carleton et  al., 2001; Chagnon et  al., 2004; Gambill & Mecikalski, 2011; Garcia-Carreras 
et al., 2017, 2010; Heiblum et al., 2014; Lyons et al., 1993; Nair et  al., 2003; Rabin & Martin, 1996; Rabin 
et al., 1990; Ray et al., 2003; Theeuwes et al., 2019; J. Wang et al., 2009; Xu et al., 2022). For example, Gambill 
and Mecikalski (2011) found more ShCu clouds over forest than over its adjacent grassland at the southeastern 
United States, while in Europe Theeuwes et al. (2019) found less clouds over forest than over the nearby cities 
(e.g., Paris and London). Several mechanisms were proposed to explain the cloud occurrence preference over 
different land cover types:

Abstract This study investigates the effects of heterogeneous land covers on shallow cumulus (ShCu) 
clouds at the US Southern Great Plains using high-resolution satellite and land cover data. During late summer, 
ShCu occurs over cities the most frequently and over open waters the least frequently, and more often over 
forest than over grassland. The preferential occurrence of ShCu over forest relative to grassland is consistent 
with surface measurements showing larger heat fluxes over forests. This preferential occurrence also varies 
with the length scales of land patches with the largest cloud occurrence difference shifting from smaller length 
scales (<9 km) during midday to larger scales (>9 km) in the early afternoon. Consistent with theory, these 
signals are more pronounced under low wind conditions. The preferential length scale shift with time suggests 
the existence of secondary circulations that strengthen and promote convergence over larger spatial scales as the 
differential land surface heating intensifies.

Plain Language Summary Continental shallow cumulus (ShCu) clouds are tightly coupled with 
the underlying heterogenous land cover. This study provides new evidence of the heterogenous land cover 
effect on ShCu formation using high resolution satellite cloud observations and land cover data at the US 
Southern Great Plains. During late summer, ShCu occurs over cities the most frequently and over open waters 
the least frequently, and more often over forest than over grassland. Observations further show that the cloud 
occurrence preference over forest relative to grassland varies with the length scales of land cover patches. 
More interestingly, the preferential length scale of cloud occurrence over forest shifts with time: the large cloud 
occurrence difference between forest and grassland is found at smaller spatial scales during midday, while at 
larger spatial scales in the early afternoon. These signals are more noticeable when winds calm down. The scale 
preferences of cloud occurrence difference between forest and grassland and their shift with time suggest that as 
the day progresses, the intensifying surface heating contrast between the adjacent forest and grassland patches 
may drive and strengthen secondary circulations, which promote convergence over larger and larger spatial 
scales and favor cloud formations over forest.
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1.  Mean-State Difference: The difference in albedo, surface roughness, soil moisture content, and leaf area index 
among land covers (Bastable et al., 1993) leads to spatial variances in land surface energy budget and parti-
tioning between the sensible and latent turbulent heating, thus impacts the evolution of atmospheric boundary 
layer and cloud formation (Betts, 2000).

2.  Secondary Circulations: Differential heating of adjacent land cover patches can generate sea-breeze-like 
secondary circulations and induce mesoscale wind convergence, which affects the structure of planetary 
boundary layer (PBL) and promotes ShCu formation (Avissar & Liu,  1996; Avissar & Schmidt,  1998; 
Garcia-Carreras et al., 2010, 2011; Heinze et al., 2017; J. M. Lee et al., 2019; Pielke, 2001; Segal et al., 1988; 
Simon et al., 2021; Weaver & Avissar, 2001).

Many large-eddy simulation studies found that the secondary mesoscale circulations affecting convection and 
clouds can be induced when the land surface heterogeneities occur at a horizontal length scale, which is commonly 
suggested as 4–9 times of that of the PBL height (e.g., Avissar & Schmidt, 1998; Baidya Roy et al., 2003; Heinze 
et al., 2017; J. M. Lee et al., 2019; T. R. Lee et al., 2019; Patton et al., 2005; Van Heerwaarden & Teuling, 2014). 
However, there is limited observational evidence to confirm these modeling studies on the scale preference of the 
land cover effect on clouds (Garcia-Carreras et al., 2010; Taylor et al., 2007), because:

1.  It is often not straightforward to define the surface heterogeneity length scale from observations (Baidya Roy 
et al., 2003; Garcia-Carreras et al., 2011; Taylor et al., 2007).

2.  The secondary mesoscale circulations are difficult to observe directly (Asefi-Najafabady et al., 2012). The 
magnitude of secondary circulations and its impact on clouds may change diurnally as it is driven by the differ-
ential heating contrast in the diurnally varying land surface heat fluxes between adjacent patches with differ-
ent heterogeneity length scales (Baidya Roy et al., 2003; Van Heerwaarden & Teuling, 2014). In the vicinity 
of the boundaries of heterogenous land covers, such phenomena are subtle and can be easily obscured by the 
effects of topography or strong winds (Doran et al., 1995; Garcia-Carreras et al., 2010; Kang et al., 2007; J. 
M. Lee et al., 2019; T. R. Lee et al., 2019; Lothon et al., 2011; Mahrt et al., 1994; Taylor et al., 2007; Weaver 
& Avissar, 2001; Zhong & Doran, 1997).

3.  It is challenging to observe the diurnal cycles of small (sub-kilometer or kilometer scale) and short-lived 
(15 min of a life cycle) ShCu (Romps et al., 2021) due to instruments' coarse resolution or limited temporal/
spatial coverage (e.g., polar-orbiting satellite or ground-based radar/lidar).

Thus, observational investigations on the impact of heterogenous land covers on ShCu clouds demand a clear 
definition of land heterogeneity length scale, as well as continuous cloud data of high temporal and spatial reso-
lutions over vast areas of mixed land cover types, to characterize the response of clouds to the diurnally varying 
differential heating and secondary circulations.

The US Southern Great Plains (SGP) region is a favorable spot to study continental ShCu owing to the long-term 
co-located observations of land surface, atmospheric boundary layer and clouds by the Department Of Energy 
(DOE) Atmospheric Radiation Measurement (ARM) program (Berg & Kassianov, 2008; Kassianov et al., 2019; 
Lamer & Kollias, 2015; Lareau et al., 2018; Qiu & Williams, 2020; Romps & Öktem, 2018; Q. Tang et al., 2018; 
S. Tang et al., 2019; Xiao et al., 2018; Zhang & Klein, 2010, 2013; Zhang et al., 2017). Tao et al. (2019, 2021) 
showed that the observed low-level clouds at SGP strongly couple with the land surface properties and the late 
summer Cloud Fraction (CF) is larger in a region dominated by forest coverage than that dominated by grassland. 
Using Geostationary Operational Environmental Satellite (GOES-16) reflectance data, Tian et al. (2021) devel-
oped a method to detect ShCu around the SGP region (at a resolution of 650-m every 5 min), which may help shed 
light on the heterogeneity effect on clouds when paired with high resolution land cover data (Boryan et al., 2011). 
In this study, we take advantage of the newly developed GOES-16 ShCu data in Tian et al. (2021) and zoom into 
a region in the vicinity of SGP with mixed land cover types (mainly forests and grasslands) to answer two ques-
tions: (a) Does the ShCu occurrence differentiate among land cover types at the SGP? (b) Does ShCu occurrence 
depend on the heterogeneity length scale of land cover?
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2. Data and Methods
2.1. Detection of Shallow Cumulus

In this study, the analysis domain (Figure 1) is chosen according to Tao et al. (2019), which is about 220 km (north 
to south) by 300 km (west to east) with (a) mixed-types (mainly forests and grasslands/pastures with cities and 
lakes, negligible winter wheats nor other crops) and mixed-sizes of land cover patches and (b) small variations of 
surface elevation (Figure S1 in Supporting Information S1). During May to June, the large-scale atmospheric control 
provides spatially varying conditions across the SGP on days of shallow cumulus (Tao et al., 2019). Therefore, in 
this study we choose to focus on ShCu in later summer (July and August), during which the influence of the large-
scale is more homogeneous across the analysis domain. Using animations of satellite images (https://satcorps.larc.
nasa.gov/), we select 17 fair-weather ShCu days during July–August in 2018 and 2019 (Tao et al., 2019; Zhang 
& Klein, 2013). On these days, ShCu usually forms in the analysis domain rather widespread with the daytime 
cumulative domain mean precipitation less than 1 mm, based upon 4-km resolution surface precipitation data from 
Arkansas-Red Basin River Forecast Center (Fulton et al., 1998). Case selection also excludes large-scale weather 
systems, thus ShCu developments are strongly tied to land surface forcing and boundary layer processes.

Figure 1. (a) An example image of Geostationary Operational Environmental Satellite reflectance data of shallow cumulus; (b) Land cover types (city/human development 
area; grassland/pasture; forest; open water; winter wheat; others) denoted by different colors; (c) The calculated land cover homogeneity area ratio within each land pixel's 
surrounding area of 9 2-km 2; (d) The calculated Land Cover Heterogeneity Length Scale and (e) Average cloud fraction at each land surface pixel (650-m resolution) calculated 
from 5-min reflectance data on the 17 fair-weather ShCu days. Black rectangle boxes in (a and b) represent the analysis domain in this study. Magenta stars in (b) show the 
location of Department of Energy Atmospheric Radiation Measurement Southern Great Plains central facility. Magenta circles (square) in (b–e) denote the extended facility 
E35 (E21) over grassland (forest). Small magenta boxes in (b–e) represent the two small-area transition zones: urban-to-rural (upper) and forest-to-grassland (lower).

https://satcorps.larc.nasa.gov/
https://satcorps.larc.nasa.gov/
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To detect ShCu, we follow Tian et al.  (2021) and use the 5-min reflectance data in the “red” visible channel 
from the GOES-16 cloud and moisture imagery data product (Schmit et al., 2010; Wu & Schmit, 2019). In the 
SGP region, the spatial resolution of the data is about 650 m (Figure 1a). A ShCu cloudy pixel is identified 
when the GOES reflectance exceeds the clear-sky surface reflectance by a ShCu reflectance detection threshold 
(ΔR = 0.045), which was cross-validated with the observations of ShCu 3D morphology by the ground-based 
stereo cameras (Romps & Öktem, 2018) at the ARM SGP site (see Tian et al., 2021 for details). The sensitivity 
of ShCu detection to the values of ΔR is discussed in supplemental materials (Figure S2 in Supporting Informa-
tion S1). Figure 1e displays the spatial distribution of CF, which is defined at each land surface pixel (e.g., 650-m 
resolution) as the probability of being identified as “cloudy” from all the available 5-min reflectance data for that 
pixel on the fair-weather ShCu days. Smaller CFs are seen over regions in the vicinity of open waters.

2.2. Land Cover Heterogeneity Length Scale

The land cover map with a 30-m spatial resolution in year 2018 (Figure 1b) is taken from the Cropland Data Layer 
data set by CropScape. This map is generated mainly based on 30-m Landsat observations (Boryan et al., 2011). 
Using this map, we define a variable called the land cover homogeneity area ratio (LCHARx) (Figure 1c) as the 
area ratio of a certain land cover type in this pixel's surrounding area of x 2-km 2 (or πR 2-km 2, where R is the radius) 
(Figure S3 and Text S1 in Supporting Information S1). LCHARx characterizes the extent of land cover homogeneity 
(or heterogeneity) and helps us further define the local heterogeneity length scale. At each GOES pixel, we calculate 
its LCHARx values with x(i) equal to 2, 3, 5, 7, 9, 14, 18, 30 km. These scales are selected following the heterogene-
ity length scales often used in the large eddy simulation studies (J. M. Lee et al., 2019). Among these scales, we find 
the largest x(i) for which the regional LCHAR > 0.95, and the land pixel is considered as belonging to a zone with 
Land Cover Heterogeneity Length Scale (LCHLS) between this largest scale x(i) and the next scale x(i+1) (Text 
S1 in Supporting Information S1). Figure 1d shows the map of LCHLS calculated for forest and grassland types. A 
larger LCHLS represents a land pixel close to the center of a large-size land cover patch, while a smaller LCHLS 
indicates a land pixel close to the land cover type boundaries. Sensitivity study shows that the following results are 
robust with different LCHAR thresholds used (0.98, 0.95 or 0.9) to define LCHLS.

2.3. Winds

It is necessary to consider the impact of winds in this analysis because strong winds: (a) may displace the cloud 
fields from its originating surface location, for example, downwind effect; (b) could give rise to more shear 
generated turbulence so that cloud occurrence may become less dependent on land cover; (c) may counteract with 
the induced secondary mesoscale circulations due to differential heating and alleviate the effect of land surface 
heterogeneities (J. M. Lee et al., 2019; Walker et al., 2009). In the following analysis, among the total 17 fair-
weather ShCu days, 8 low-wind days are distinguished with the daytime domain average wind speed less than 
3 m s −1. Wind data are taken from the hourly 3-km resolution High Resolution Rapid Refresh analysis (Benjamin 
et al., 2016; Smith et al., 2008) and their uncertainty is less than 0.3 m s −1 (T. R. Lee et al., 2019).

2.4. Surface Measurements

Surface observations are from two extended facilities at the DOE ARM SGP site: E21 over forest and E35 
over grassland. Best-estimate sensible and latent heat fluxes are from energy balance Bowen ratio (EBBR) at 
E35 (http://www.arm.gov/data/vaps/baebbr) and quality-controlled eddy correlation flux (ECOR) measurements 
at E21 (http://www.arm.gov/data/vaps/qcecor). The EBBR and ECOR systems also provide friction velocity, 
surface air pressure, temperature and relative humidity (RH), based on which Lifting Condensation Level (LCL) 
is estimated (Romps, 2017). Surface albedo is calculated using Quality Assessment for ARM Radiation Data 
(https://www.arm.gov/capabilities/vaps/qcrad). At E21, ECOR and radiation instruments are installed on a tower 
(15 m above ground and 3 m above the canopy) deployed in a deciduous oak forest. Although E21 and E35 are 
not located in the middle of the largest patches of forest and grassland in the analysis domain, the heat flux meas-
urements from both EBBR and ECOR are representative of the surrounding land cover characteristics because 
of the sufficient fetch lengths, for example, homogenous forest and grassland within 1 km over 360° directions 
(Cook, 2018a; Cook, 2018b; S. Tang et al., 2019).

http://www.arm.gov/data/vaps/baebbr
http://www.arm.gov/data/vaps/qcecor
https://www.arm.gov/capabilities/vaps/qcrad
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3. Diurnal Variations of Clouds Over Different Land Cover Types
From the spatial plot (Figure 1e), it is easily to tell that CFs are small over open waters, however it is hard to 
directly recognize which land cover type favors larger CFs, among forest, grassland (pasture), and city (human 
development area). Figure 2 compares the diurnal cycles of CF over different land covers. CF as a function of 
time and land cover is calculated for each land cover type using 5-min satellite images. The length of the vertical 
bars in Figure 2 denotes two standard errors (∼68% confidence interval) of 15-min average CF samples, which 
are considered independent according to the observed life cycle of ShCu (10–15 min) from ground-based stereo 
cameras at the SGP (Romps et al., 2021).

Figure 2a shows the comparison using all the ShCu cases and all the land pixels regardless of their LCHLS 
values. The CF shows a diurnal peak around 1430 Local Standard Time (LST) over all the land cover types. 
Consistent with Figure 1e, the smallest CFs are found over open waters during all the daytime hours. The CF over 
forest is larger than that over grassland in general, however the differences are statistically significant marginally. 
In the following we are going to examine the impact of LCHLS and wind speed on this comparison.

Figure 2b displays the CF comparisons over larger patches greater than 5 km. The city patch is over Tulsa, OK 
(a small urban area about 20 by 20 km mainly surrounded by forests and grasslands) in the analysis domain. 
Compared to Figure 2a, the city effect is the most pronounced with the largest CF especially in the afternoon. The 
differences in CF over larger patches between forest and grassland may increase to as large as 6 times the standard 
error and are much larger than those in the case of all land pixels (Figure 2a).

Figure 2c illustrates the wind speed effect in which CFs are from low wind cases. It is clearly noticed that the CFs 
over open waters decrease the most (also see Figure S3 in Supporting Information S1). The timing of CFs reach-
ing 0.05 over open waters lags those of other land covers by about 1.5 hr, suggesting the slowest cloud develop-
ment over open waters under low wind conditions. The CFs from low-wind cases are generally smaller than those 

Figure 2. Diurnal evolutions of (a) cloud fraction over forest (green with cross), grassland (dark red), city (black) and open water (dark blue) in the analysis domain. 
The length of the vertical bars donates two standard errors of samples. (b) same as in (a) expect for larger patches (>5 km). (c and d) are the same as (a and b) but for 
low wind days.
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based on all the cases (Figure 2a), possibly because stronger winds, usually Southerlies (Song et al., 2019), bring 
a larger moisture transport from Gulf of Mexico and also enhance greater surface heat fluxes (Liu et al., 2013) to 
favor cloud formation. It is also noticed that CFs of low winds over forest and grassland tend to peak much earlier, 
for example, at 1230 LST compared to 1430 LST of all the cases (Figure 2a).

Figure 2d shows the joint effect of larger land cover patches and low wind speeds. The effects of city and open 
water are the most distinguishable (Figure S4 in Supporting Information S1). Reasons for this preference are 
discussed in Text S2 in Supporting Information S1. Over forest and grassland, their CF difference increases from 
morning to afternoon and becomes much more significant after 1300 LST.

In addition to Figure 2, CF changes across land cover boundaries. We carefully zoom into two small areas with 
land cover transitions (Figure 1, magenta boxes) and find that: (a) the largest CF occurs over the city center of 
Tulsa, OK while decreasing when moving away from the city center toward the adjacent rural areas (Figure S5 in 
Supporting Information S1 and Movie S1); (b) the largest CF occurs over the center of a forest belt while decreas-
ing toward the adjacent grasslands (Figure S6 in Supporting Information S1 and Movie S2).

4. Preference of ShCu Occurrence on Land Cover Heterogeneity Length Scale
In this section, we focus on the impact of the heterogeneity length scales of forest and grassland, the two dominate 
land covers often mixed with each other in the analysis domain (Figures 1b–1d). CF is calculated as a function 
of time and LCHLS for forest and grassland. For each 5-min satellite image, we calculate mean CFs at every 
LCHLS using number of cloudy pixels dividing the total land pixel number at given LCHLS, and then based on 
the time-series of CFs, we calculate the hourly means.

Figure 3a shows the diurnal variations of ShCu CFs over forest at different length scales for all cases (see Figure 
S7 in Supporting Information S1 for CFs over grassland). During midday (1100–1300 LST), the CF over forest 
peaks at 5–7 km (noticed from the vertical slant of the boundaries between different colors). Such signal is more 
clearly observed from the low wind case composite (Figure 3c). While after 1330 LST, the boundaries between 
different colors of CF become more straight vertically, and CFs are almost the same at different scales.

Figure  3d further extracts the mean CFs over forest and grassland during two periods: midday (1100–1300 
LST) and early afternoon (1300–1500 LST) for low wind cases. In Figure 3d, during midday, the CF difference 
between forest and grassland stands out at smaller length scales (<9 km) with the largest contrast around 5–7 km, 

Figure 3. (a) Cloud fraction (CF) over forest as a function of local time and land cover heterogeneity length scale (LCHLS). Solid black contour lines represent the CF 
difference between forest and grassland. (b) Mean CFs over forest (green with cross) and grassland (red) during 11–13 local solar time (LST) (solid line) and 13–15 
LST (dashed dot line). The length of the vertical bars donates two standard errors of 15-min mean CFs in each LCHSL bin. (c and d) are the same as (a and b) expect 
for low wind cases.
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however at the larger heterogeneity length scales (>9 km), CFs are almost equal over forest and grassland. The 
CF difference between forest and grassland peaks at 5–7 km during midday, suggesting that the strongest impact 
of secondary mesoscale circulations on cloud occurs when the ratio of heterogeneity length scale relative to PBL 
height is between 4 and 9. This in general agrees with Patton et al. (2005), in which strongest patch-induced circu-
lations correspond to heterogeneity length scales between 4 and 9 km if the PBL depth is about 1 km.

From midday to early afternoon, the CF increases over forest but decreases over grassland, especially in the areas 
with larger heterogeneity length scales (>9 km). Such shifts result in the CF difference between forest and grass-
land increasing with the heterogeneity length scale in the early afternoon, opposite to that during midday. For 
example, the CF difference is 0.03 (0.13 vs. 0.10) around 5–7 km during midday but increases to 0.06 (0.13 vs. 
0.07) around 14–18 km in early afternoon. These differences are compelling, which are much larger than those 
differences without length scale separations (Figures 2a and 2c).

For the composite of all the cases without wind speed filtering (Figure 3b), at midday the CF differences between 
forest and grassland are almost constant when LCHLS > 5 km. From midday to early afternoon, the CF increases 
over both forest and grassland, and the scale preference shift is weaker in the composite using all the cases 
(Figure 3b) as compared with the one based on low wind cases (Figure 3d).

5. Discussion on the Relative Preference of Clouds Over Forest Versus Grassland
In this section, we will explore if in situ surface station observations support the findings in Sections 3 and 4: (a) a 
more frequent ShCu occurrence over forest than over grassland; (b) a shift of the length scale preference of cloud 
occurrence difference from midday to early afternoon.

5.1. Surface Turbulent Fluxes Impact PBL and LCL

Figure 4 show the composite diurnal evolution of surface albedo, friction velocity, sensible and latent heat fluxes, 
LCL and RH from surface observations at the forest (E21) and grassland (E35) DOE ARM sites. The forest site 
has a lower albedo and absorbs more solar energy than the grassland site (Figure 4a) (Berg et al., 2020). The 
forest site also has a rougher canopy (Mahrt & Ek, 1993) and larger friction velocity (Figure 4b), promoting an 

Figure 4. Diurnal evolutions of (a) surface albedo, (b) friction velocity, (c) sensible heat flux (solid) and latent heat flux (dashed); and (d) lifted condensation level 
(solid) and relative humidity (dashed) at E21 (forest, green with cross) and E35 (grassland, red), the extended facilities of the Department of Energy Atmospheric 
Radiation Measurement Southern Great Plains site. The length of the vertical bars denotes two standard errors across all the samples.
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efficient exchange of heat, moisture and momentum, and tempering the surface temperature, thereby reducing 
outgoing longwave radiation (Teuling et al., 2017). Lower albedo and larger roughness can result in larger net 
radiation over forest, which can be used for evapotranspiration and for warming the atmosphere. Figure 4c shows 
larger sensible as well as latent heat fluxes over forest (S. Tang et al., 2019; Tao et al., 2019; Teuling et al., 2010).

Before 1600 LST, sensible heating is 30%–50% larger over forest than over grassland. This results in a more rapid 
development of PBL over forest and at the meantime brings more dry air into the PBL. Such development couples 
with turbulence driven by land surface sensible heat fluxes and usually maintains until late afternoon (1600 LST).

Early morning (0830 LST) RH near surface is found very similar over forest and grassland, thus similar initial LCL 
heights calculated based on RH (Figure 4d). At the same time, the early morning latent heat flux over forest is about 
60% larger than over grassland, although the difference becomes smaller through early afternoon (1330 LST). This 
supplies stronger moistening of boundary layer over forest. Such moistening is reflected in the behavior of LCL. The 
derived LCL over forest is always lower by several hundred meters than that over grassland and such difference also 
increases with time. Before 1300 LST, LCL increases rapidly due to the strong PBL top entrainment drying, while 
after 1300 LST, the PBL humidity tends to remain a balance thus LCL levels out in the afternoon.

The onset of shallow cumulus is triggered by vigorous PBL development reaching LCL (Gentine et al., 2013; Y. 
Wang et al., 2020; Wilde et al., 1985). In this study, larger net radiation and roughness over forest leads to stronger 
sensible and latent heat fluxes, which result in faster PBL development and lower LCL, thus a larger CF than over 
grassland. While this mechanism may support the CF difference between forest and grassland, it alone cannot 
explain the length scale preference of clouds and the shift from midday to early afternoon in the scale preference 
of the cloud occurrence difference.

5.2. Differential Surface Heating Induces Secondary Circulations

What if the large difference in surface heating (∼100 Wm −2 of sensible heat flux difference at local noon between 
forest and grassland) is found between adjacent patches of different length scales? Differential heating between 
adjacent patches may induce secondary mesoscale circulations, which further promote convergence and reinforce 
the cloud formation (Garcia-Carreras et al., 2010, 2011; J. M. Lee et al., 2019; Rieck et al., 2014). If there are no 
secondary circulations, we would expect similar CF difference between forest and grassland at different heter-
ogeneity length scales. However, Figure 3d clearly shows that the CF difference between forest and grassland 
changes with heterogeneity length scale, which suggests the existence of secondary circulations.

In addition, there is a shift of the largest CF difference between forest and grassland from smaller scales (<9 km) 
during 1100–1300 LST to larger length scales (>9  km) during 1300–1500 LST. Such shift happens around 
the diurnal peak time (1230 LST) of sensible heat fluxes and their differences between forest and grassland 
(Figure 4c). This suggests not only an intensification of secondary circulations from midday to early afternoon 
but also a slight time lag between the peak differential heating and the effect of secondary circulations on cloud 
occurrence. This is because the maximum surface air temperature usually lags the diurnal peak surface sensible 
heat flux, and it also takes time for secondary circulations to develop and travel across patch boundaries and 
form convergence zones. For example, large-eddy simulations suggest with no background winds, it takes about 
1.5 hr to travel 8 km (half size of a patch of 16 km wide) to create a convergence zone (at the center of the patch) 
with a horizonal speed of secondary circulations at 1.5 m/s (J. M. Lee et al., 2019). This may help explain the 
early-afternoon shift of the largest CF difference between forest and grassland to a larger heterogeneity scale, for 
example, 14–18 km. Also, the horizonal speed of secondary circulations is usually associated with the magnitude 
of heat fluxes and the heating contrast between adjacent heterogeneous areas (Baidya Roy et al., 2003). Thus, 
as differential heating intensifies from morning to noon (Figure 4c), the induced secondary circulations become 
stronger to promote convergence at larger patches.

6. Conclusions
This study provides new observational evidence to support the land cover effect on shallow cumulus cloud forma-
tion, using high-resolution geostationary satellite observations, land cover data and the DOE ARM SGP surface 
measurements. During late summer (July and August), ShCu prefers to occur least over open waters and most 
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over city especially in the late afternoon. ShCu is more likely to occur over forest than over grassland: during 
midday, the largest CF difference occurs at smaller heterogeneity length scales (<9 km), while in the early after-
noon, the largest difference shifts toward larger heterogeneity length scales (>9 km).

Our findings on the preference of cloud occurrence over forest than over grassland are supported by surface meas-
urements, which show both larger sensible and latent heat fluxes over forest, indicating a more rapid development 
of PBL and a much lower LCL. We further speculate that the shift of the scale preference of cloud occurrence 
difference over forest before and after the diurnal peak timing of surface heat fluxes is associated with the devel-
opment of secondary circulations, in which as differential heating intensifies, the secondary circulations become 
stronger to converge over larger spatial scales. Such shift of scale preference is more pronounced under low wind 
conditions when background winds is not strong enough to suppress secondary circulations.

The land cover effect on ShCu is a complex interplay. Results of this study should be used with caution when 
extrapolated to other forest areas with different surface characteristics, for example, a smaller sensible heat flux 
than their surroundings (Fisch et al., 2004). The effect on cloud formation may also distinguish among forest 
types (Duveiller et al., 2021), for example, the access to deep soil water (Ek & Holtslag, 2004) or the emissions 
of biogenic volatile organic compounds (Kulmala et al., 2004; Peñuelas & Staudt, 2010) may also play a role. 
Soil moisture can also affect the turbulent heating over forest and grassland. Even though no large soil mois-
ture difference are observed from site observations in the analysis domain, the soil moisture effect on cloud 
formation cannot be excluded (Chen et al., 2020; Findell & Eltahir, 2003; Pielke, 2001; Sakaguchi et al., 2022; 
Taylor et al., 2011, 2012). More advanced observations (e.g., soil moisture network, collocated boundary layer 
and cloud profiling) and high-resolution numerical simulations with improved representations of clouds, atmos-
pheric boundary layer, and land properties are needed to attribute the relative contributions of these intertwining 
processes (Beamesderfer et al., 2022).

Clouds and convection are usually coupled with land surfaces through grid-mean surface fluxes in climate 
models (10–100 km resolution). The land cover scale preference of ShCu occurrence over forest relative to grass-
land suggests that the sub-grid scale interactions between land surface, atmospheric boundary layer and clouds 
need to be considered to improve the model representations of convection and precipitation processes over land 
at diurnal scales. The framework and data developed in this study can be further applied to investigate shallow to 
deep convective cloud transition processes and their interactions with land covers.

Data Availability Statement
Data used in this study are from the U.S. Department Of Energy as part of the Atmospheric Radiation Measure-
ment (ARM) Climate Research Facility Southern Great Plains site: EBBR and quality-controlled eddy correlation 
flux data are downloaded at http://www.arm.gov/data/vaps/baebbr and http://www.arm.gov/data/vaps/qcecor. 
ARM radiation data are downloaded at https://www.arm.gov/capabilities/vaps/qcrad. NOAA satellite GOES-R 
Series ABI Product is from NOAA CLAss at https://www.avl.class.noaa.gov/saa/products/search?sub_id=0&da-
tatype_family=GRABIPRD&submit.x=30&submit.y=13. The High Resolution Rapid Refresh (HRRR) analysis 
and forecast data products were obtained from the HRRR archive at University of Utah (http://hrrr.chpc.utah.
edu/; https://doi.org/10.7278/S5JQ0Z5B).
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