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ABSTRACT

Large-eddy simulations are conducted to investigate and physically interpret the impacts of het-

erogeneous, low terrain on deep-convection initiation (CI). The simulations are based on a case

of shallow-to-deep convective transition over the Amazon River basin, and use idealized terrains

with varying levels of ruggedness. The terrain is designed by specifying its power-spectral shape

in wavenumber space, inverting to physical space assuming random phases for all wave modes,

and scaling the terrain to have a peak height of 200 m. For the case in question, these modest

terrain fields expedite CI by up to 2-3 h, largely due to the impacts of the terrain on the size of,

and subcloud support for, incipient cumuli. Terrain-induced circulations enhance subcloud kinetic

energy on the mesoscale, which is realized as wider and longer-lived subcloud circulations. When

the updraft branches of these circulations breach the level of free convection, they initiate wider

and more persistent cumuli that subsequently undergo less entrainment-induced cloud dilution

and detrainment-induced mass loss. As a result, the clouds become more vigorous and penetrate

deeper into the troposphere. Larger-scale terrains are more effective than smaller-scale terrains in

promoting CI because they induce larger enhancements in both the width and the persistence of

subcloud updrafts.
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1. Introduction21

The profound impacts of complex terrain on the initiation and evolution of cumulus convection22

have received extensive attention, particularly in recent decades. The problem has been addressed23

using diverse approaches including observational field campaigns (e.g., Raymond and Wilkening24

1982; Bougeault et al. 2001; Damiani et al. 2008; Smith et al. 2012), idealized and real-case25

numerical simulations (e.g., Chu and Lin 2000; Miglietta and Rotunno 2009; Demko and Geerts26

2010), and theory (e.g., Crook and Tucker 2005; Kirshbaum and Wang 2014). These efforts have27

helped to build a reasonable working knowledge of the mechanisms by which orography promotes28

convection initiation (CI).29

As noted in Kirshbaum et al. (2018), orographically induced updrafts capable of initiating deep30

convection are largely driven by two general mechanisms: (i) impinging flow directly ascending, or31

detouring around, a given barrier (“mechanical” forcing) and (ii) differential heating over sloping32

terrain driving thermally direct flow up or down the slopes during the day and night, respectively33

(“thermal” forcing). These two forcings are not mutually exclusive, and often work in conjunction34

to enhance low-level ascent (Kirshbaum andWang 2014). Moreover, terrain features often protrude35

above nocturnal inversion layers, which locally reduces convective inhibition to facilitate elevated36

convection.37

The amplitude of orographically induced updrafts often, but not always, scales with the terrain38

relief. In mechanically forced flow, the nondimensional mountain height M = Nhm/U is commonly39

used to assess the flow regime, where N is the Brunt-Väisälä frequency over a relevant layer, U is a40

representative cross-barrier wind speed, and hm the mountain relief (Smith 1989). Low-level flow41

tends to directly ascend the terrain for M � 1 but split and detour around the terrain for M & 1. In42

the former regime, the surface-based updraft amplitude scales with Uhm/a, where a is the terrain43
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width (Kirshbaum and Wang 2014). Analogously, the strength of thermally forced, anabatic flow44

also tends to scale with hm, due to its control over the terrain-induced baroclinicity (e.g., Crook45

and Tucker 2005).46

Because flow perturbations induced by low, heterogenous terrain are generally weaker than those47

over prominentmesoscale ridges (e.g., the Rockies Front Range and the EuropeanAlps), the imprint48

of the latter on climatological flow patterns and precipitation distributions is more dramatic. Thus,49

the vast majority of studies on orographic convection have focused on larger mountain ranges with50

reliefs exceeding 1 km. In contrast, relatively few studies have examined the impacts of lower and51

more random terrain variability on CI. Although such modest terrain variations generate weaker52

disturbances than their larger-scale counterparts, they may still nontrivially influence the formation53

and evolution of deep convection, which is highly sensitive to low-level forcing. Moreover, because54

low-amplitude terrain variations are widespread over land, their collective effects on the global55

hydrological cycle may be significant.56

When smaller-scale terrain heterogeneities have been evaluated in studies of orographic convec-57

tion, they have largely been considered as perturbations upon larger ridges rather than as interesting58

features in their own right. For example, multiple studies have analyzed the impacts of small-scale59

terrain variations on mechanically forced convection over mesoscale mountain ridges. As the60

impinging flow gradually ascends the mesocale ridge and approaches saturation, small-scale peaks61

and ridges can initiate convective cells or bands and anchor them to fixed locations, leading to62

quasi-stationary convective bands (e.g., Cosma et al. 2002; Kirshbaum et al. 2007a). Similarly,63

studies on thermally forced convection have argued that valley-ridge systems on mesoscale moun-64

tain ranges can concentrate ascent in preferred locations, thus locally focusing the forcing for CI65

(e.g., Barthlott et al. 2006; Kottmeier et al. 2008).66
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Terrain is just one of numerousmesoscale features that can promote convection. Another relevant67

source of topographic variation—heterogeneties in surface cover—has also received extensive68

attention (e.g., Rozoff et al. 2003; Rieck et al. 2014; Wang et al. 2019). These surface variations,69

which include land–sea contrasts and spatial variations in land use and/or soil-moisture, influence70

atmospheric boundary-layer (ABL) flows in part by modifying the surface energy balance. The71

resulting mesoscale variations in sensible heating and moistening of the ABL give rise to near-72

surface buoyancy variations, which, in turn, drive thermal circulations that may effectively initiate73

deep convection. Spatial variations in surface roughness may also induce low-level convergence74

zones that force additional ABL ascent.75

Although the impacts of land-cover variations onABL variability and cloud initiation are obvious76

over flatter land surfaces, they may be obfuscated over complex terrain. Kirshbaum et al. (2016)77

found that the climatological deep-convection distribution over the southern Mississippi Valley78

(USA) was mostly controlled by regional terrain variations rather than surface-cover variations. In79

this region, the maximum terrain relief is approximately 400 m from the center of the valley to the80

peak of the Ozarks range around 400 km to the west, as the dominant land use varies sharply from81

mostly cropland within the valley to forest over the mountains. Similarly, the idealized simulations82

of Imamovic et al. (2017) found that the impacts of regional soil-moisture variations were largely83

neutralized for 500-m (or taller) mountains.84

The objective of this study is to use idealized large-eddy simulations to quantify and interpret the85

impacts of low, heterogeneous terrain on CI. With the initial conditions, surface fluxes, and mean86

terrain height held fixed across the experiments, the contributions of different terrain forcing scales87

on cloud vigor and the timing of CI is systematically examined with the aid of a Lagrangian cloud-88

core tracking algorithm. Section 2 describes the numerical model and experimental configuration.89
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The model results are presented and physically interpreted in sections 3 and section 4, respectively.90

Section 5 provides the conclusions.91

2. Model setup92

Large-eddy simulations are conducted with the cm1 model (Bryan and Fritsch 2002), a fully93

nonlinear, nonhydrostatic atmospheric model with a terrain-following vertical coordinate and94

a split time step to stabilize acoustic waves. Time integration is performed with a 3rd-order95

Runge-Kutta scheme, and advection is fifth-order in the horizontal and vertical, with a fifth-order96

WENO (weighted non-oscillatory) advection scheme applied to scalars. Subgrid parameterizations97

include the Morrison two-moment ice microphysics scheme (Morrison et al. 2009) and the 1.5-98

order prognostic turbulent kinetic energy (TKE) turbulence scheme based on Deardorff (1980).99

The majority of simulations use a grid spacing of ∆x = ∆y = 250 m and domain size of 120 km by100

120 km in the horizontal, and a stretched vertical grid with a depth of 20 km and a grid spacing101

that increases from 100 m (over 0-6 km) to 400 m (over 12-20 km) with a smooth transition layer102

in-between, giving a total of 104 levels.103

The simulated flow is based on a case study of tropical convection over the Amazon rainforest,104

taken from the Large-Scale Biosphere–Atmosphere (LBA) experiment (Rondonia, Brazil) on 23105

February 1999. This test casewas chosen due to its extensive documentation aswell as its prolonged106

(2-3 h) period of shallow convection prior to CI, the latter of which facilitates analysis of the factors107

leading to CI. Importantly, however, this case is not chosen to represent the Amazon basin or any108

other geographic region specifically; it is simply a plausible and interesting test case that serves as109

a basis for systematic idealized experiments.110

In observations and high-resolution simulations of this event, the cloud field deepened slowly,111

with a growing convective boundary layer (CBL) leading to shallow convection in the morning112
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that transitioned to deep convection at around local noon (e.g., Khairoutdinov and Randall 2006).113

The model is integrated for six hours, beginning at 7:30 local solar time (LST) and ending at114

13:30 LST, with model outputs written to file every minute. This high time-resolution is required115

for the Lagrangian thermal-tracking analysis of section 4b.116

The horizontally uniform initial sounding (Fig. 1a), surface fluxes (Fig. 1b), larger-scale radiation117

tendencies, and momentum relaxation (toward the initial state, with a time scale of 1 h), are adopted118

from Grabowski et al. (2006). However, unlike Grabowski et al. (2006), who used a free-slip lower119

surface, we use a “semi-slip” surface where drag is parameterized using a bulk aerodynamic120

formulation, with a fixed surface roughness length of z0 = 0.1 m. The inclusion of surface drag121

improves the realism of the simulated terrain-induced circulations, which otherwise may become122

over-amplified (e.g., Richard et al. 1989). Although not shown, sensitivity simulations with a123

much larger z0 of 3 m were also performed and gave virtually identical results to the experiments124

analyzed herein. This insensitivity to z0 likely stems from the weak low-level winds, the modest125

terrain heights, and the above-mentioned momentum relaxation. The Coriolis force is neglected126

because the test case is based near the equator. Convective motions are seeded by random initial127

perturbations in potential temperature on all grid points (maximum amplitude of 0.1 K). The flow is128

initialized with a horizontally homogeneous passive tracer concentration φ that decreases linearly129

from a value of 0.001 cm−3 at z = 0 km to zero at the domain top (20 km).130

To evaluate the sensitivity of CI to terrain ruggedness, we consider four different terrain fields (h)131

in the experiments, all of which have a mean height of 100 m: a reference case with a flat surface132

at 100 m (CTRL) and three complex-terrain cases, where h randomly varies from 0 m to 200 m133

over the domain. The complex terrains are designed by specifying their power spectra in Fourier134

space, assigning random phases to all the modes, inverting back to physical space, and scaling the135

result to have a maximum relief of 200 m. These spectra all follow slopes of κ1 (where κ is the136
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horizontal wavenumber) for scales larger than lc = 20 km and have zero amplitude at scales below137

6∆h, where ∆h is the horizontal grid spacing, to avoid forcing the model at poorly resolved scales.138

To isolate the impacts of heterogeneous terrain on simulated CI, only the terrain itself is varied139

between the different simulations. Other aspects of the surface forcing (e.g., surface fluxes, land140

use, z0) are held fixed across the experiments.141

The three complex-terrain cases differ only in the power spectrum of h, or Eh(κ), between scales142

of lc and 6∆h. Over this wavenumber band, Eh(κ) follows slopes of κ1 (KP1), to κ−5/3 (KM53),143

to κ−3 (KM3), as shown in Fig. 2. The use of Eh(κ) ∼ κ
−5/3 as the “central” slope is informed144

by Kirshbaum et al. (2007b), who found that the Oregon Coastal Range mountains in the western145

USA followed a nearly κ−5/3 spectral slope on the mesoscale, coincidentally similar to the spectral146

slope of homogeneous, isotropic turbulence. Because the terrains are rescaled to have a maximum147

relief of 200 m, the three power spectra generally do not overlap in wavenumber space. In physical148

space, the terrain ruggedness varies greatly between the three spectra, with KP1 dominated by149

smaller scales (and hence more rugged) and KM3 dominated by larger scales closer to lc (Fig. 3).150

Although the magnitude of each Fourier mode is prescribed, the corresponding phase is random-151

ized so that each terrain field represents one of an infinite number of possible realizations for that152

power spectrum. Given this randomness, one may question whether differences between different153

cases are owing to genuine physical sensitivities or simply to random variability. To evaluate154

this question, we run a five-member ensemble of the KM53 case, each identical except for using155

different random seeds to initialize the Fourier phase spectrum.156

3. Overview of results157

The flat-terrain CTRL case undergoes a similar diurnal cloud development to that in Khairout-158

dinov and Randall (2006), with initiation of shallow cumuli around 2 h, followed by 2-3 h of cloud159
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deepening prior to reaching heights of around 10 km at approximately 5 h (Fig. 4a). Despite the160

modest terrain relief of only 200 m, the bulk cloud development exhibits notable sensitivities to the161

terrain. The maximum cloud-top height, after an initial, short-lived jump to around 5 km owing162

to an ephemeral elevated cloud layer, increases the fastest in the KM3 case, followed by KM53,163

KP1 and CTRL. At 3 h of model integration, where the differences between the four cases are164

the largest, the cloud-top height ranges from around 4 km in CTRL to 12 km in KM3. Similarly,165

the cumuli reach heights of 10 km much earlier (2.8 h) in KM3 than in CTRL (4.5 h). While166

a similarly strong terrain sensitivity is found for precipitation rate R (Fig. 4c), the sensitivity of167

volume-integrated cloud mass flux is weaker (Fig. 4b).168

Over the 2-3.5 h period where the differences in cloud-top height and R are the largest, the169

amplitude of the differences between the simulations exceeds the random variability of the KM53170

case (as shown by the gray-shaded regions of Fig. 4). While this finding does not offer definitive171

proof of statistical significance, it nevertheless implies that the variations between the simulations172

are systematic and not random. Therefore, we conclude that for a given mean terrain height,173

the presence of terrain complexity generally promotes CI, with the largest effect over larger-scale174

(KM53 and KM3) terrains.175

The above differences in cloud evolution are associated with differences in the low-level flow and176

cloud water path (CWP), the latter defined as the vertical integral of the cloud liquid and ice water177

content. At 3 h, the CTRL simulation exhibits a scattered and dense cloud field with generally178

small CWP (Fig. 5a). While the KP1 simulation also develops a field of scattered cumuli, some179

cumuli are relatively large with embedded regions of higher CWP than that in CTRL (Fig. 5b).180

The clouds become more clustered and vigorous in KM53 and KM3, forming longitudinal banded181

structures with embedded CWP maxima locally exceeding 10 kg m−2 (Fig. 5c-d). As will be182
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seen, the largest cumuli tend to initiate on the lee sides of areas of terrain ridges, suggesting the183

importance of the “lee-side convergence” mechanism of Banta (1984).184

4. Physical interpretation185

The remainder of this study is devoted to physically interpreting the variations in the timing of186

CI among the four simulations. Although it is generally expected that complex terrain (however187

modest) promotes convection initiation, the impacts (if any) of different terrain forcing scales are188

not immediately obvious. The analysis to follow begins with a brief examination of the sensitivity189

of boundary-layer processes to the terrain heteorgeneities and progresses to an in-depth Lagrangian190

analysis of cloud development.191

a. Subcloud processes192

To determine the impacts of variations of terrain ruggedness on the bulk convective boundary193

layer (CBL) properties, we compare profiles of potential temperature (θ), water-vapor mixing194

ratio (qv), zonal (u) and meridional (v) winds, and TKE at 2 h of time-integration in Fig. 6. For195

these analyses, horizontal averages are obtained by first vertically interpolating fields from the196

native terrain-following coordinates to fixed height levels. When, at a given location, the latter197

falls below the lowest model grid point, it is assigned a missing value and thereby ignored in the198

averaging process. Thus, below 200 m, the horizontal averages can be interpreted as conditional199

averages over atmospheric (rather than subsurface) grid points. Because the surface in the three200

complex-terrain cases extends above and below the 100-m level, the profiles in these cases extend201

slightly lower than the uniformly 100-m terrain CTRL case. The TKE is evaluated as the sum of202

the subgrid TKE (TKEsgs, a prognostic variable in the turbulence closure) and the resolved TKE203
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(TKEres =
√

u′2+ v′2+w′2/2), where the primes denote perturbations relative to the corresponding204

domain-wide horizontal average.205

By 2 h of time integration, the flows have undergone substantial low-level heating and moistening206

relative to the initial state, along with modest evolution of the low-level winds, below the CBL top207

at around 400 m (Figs. 6a-c). The low-level TKE also increases from initially zero to a maximum208

of around 0.5 m2 s−2 within the CBL (Figs. 6d). Across the four simulations, the TKE generally209

increases with the terrain variance, with the smallest values in the flat CTRL case and the largest210

values in the most rugged KP1 case, with the KM3 and KM53 cases falling in-between. These211

TKE variations induce commensurate variations in vertical mixing: weaker mixing in CBL leads212

to a cooler and moister CBL, while stronger mixing in KP1 leads to a warmer and drier CBL.213

Although the differences in lower-tropospheric thermodynamic properties between the different214

simulations are notable (Figs. 6a-b), they do not explain the variations in the timing of CI among215

the simulations. Namely, the two cases with the widest differences in low-level θ and qv (CTRL216

and KP1) are ultimately the most similar in terms of the timing of CI and the resulting precipitation217

(Fig. 4). Thus, although more rugged terrains exhibit more rapid CBL growth and enhanced218

mixing between the CBL and free troposphere, differences in low-level vertical flow properties do219

not directly explain the more rapid CI in KM3 and KM53. Moreover, the variations in low-level220

winds across the simulations are minimal (Fig. 6c), suggesting that the modest terrain complexity221

considered herein does not strongly impact the mean low-level momentum.222

To relate the physical scales of terrain forcing to the subcloud turbulence, we evaluate the power223

spectra of wLFC, the vertical velocity at the level of free convection (LFC). At a given time, the LFC224

is determined at a given horizontal grid point (with coordinates xi and y j) by adiabatically lifting225

a mean-layer (0-500 m) parcel until it is both saturated and positively buoyant. The local vertical226

velocity at that height is taken as wLFC(xi,y j). Discrete 2D Fourier spectra of wLFC(x,y) are taken227
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and multiplied by their complex conjugates, then integrated in rings in horizontal wavenumber228

κ =
√

k2+ l2 space, where k is the x-wavenumber and l the y-wavenumber, to obtain Ew(κ). These229

spectra are then averaged over 2-3 h, the period exhibiting the largest inter-case differences in230

cloud-top height (see Fig. 4a).231

In all cases, the peak of theEw(κ) spectra corresponds to the dominant scale of dryCBL turbulence232

(λ ≈ 1 km), or about twice the mean CBL depth over the 2-3 h period (Fig. 7). The CTRL and233

KP1 spectra are broadly similar except for the latter having enhanced mesoscale (λ > 1 km) energy.234

Interestingly, this enhancement does not coincide with the peak of the KP1 spectrum at λ = 6∆x235

(Fig. 2), but rather at larger scales with relatively weak terrain forcing. In the KM53 and KM3236

cases, a secondary peak at λ = 20 km emerges due to mesoscale, terrain-driven circulations that237

develop near the peak terrain forcing scale. At smaller scales (λ < 4 km), these spectra are slightly238

less energetic than CTRL and KP1, indicating slightly weaker CBL turbulence. Thus, while the239

presence of terrain generally enhances the subcloud forcing in the mesoscale, this enhancement240

does not cascade down to the microscales.241

b. Cloud development242

Given the stronger contributions of larger scales to Ew(κ) in KM53 and KM3 (as just seen243

in Fig. 7), one may expect the corresponding cloud fields to also be characterized by larger244

scales. Larger clouds, in turn, tend to be more successful at overcoming the suppressive effects245

of mixing with dry environmental air as they ascend through the troposphere (e.g., Khairoutdinov246

and Randall 2006; Rousseau-Rizzi et al. 2017). We thus hypothesize that differences in subcloud247

forcing, through their impacts on cloud morphology, may hasten the transition from shallow to248

deep convection.249
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1) Cloud-core tracking250

To evaluate the above hypothesis, we perform a Lagrangian cloud-tracking analysis, where251

saturated and buoyant thermals (henceforth termed “convective cores”, or just “cores”) are tracked252

from their origin near the LFC to their ultimate maximum height. This analysis, described in253

the Appendix, is nearly identical to that described in Rousseau-Rizzi et al. (2017) except that the254

thresholds to identify core grid points differ slightly, as do the details of the core merging and255

splitting treatments. To focus on the time period with the largest differences in cloud development256

(see Fig. 4), we run this analysis only over 2-3 h.257

To demonstrate the performance of the tracking scheme, we present snapshots of cloud-water258

path (CWP; defined as the vertical integral of ρ(qc + qi), where ρ is the air density) and selected259

core tracks at three times during the tracking period, over a section of the model domain in the260

KM3 case (Fig. 8). To minimize clutter, only tracks for cores that reach maximum heights of at261

least 3 km over 2-3 h are shown. The latter condition eliminates a large number of cores that fail to262

undergo substantial vertical development. Two of the cores that do reach 3 km, the larger of which263

grows into the deepest cloud in the entire model domain, initiate in the lee of a small mountain ridge264

at y ≈ −35 km, after which they widen and intensify as they move southeastward. The individual265

tracks, which are centered at the location of maximum w within the core, exhibit some chaotic266

shifts in time, possibly corresponding to the formation of new internal updraft plumes. The largest267

tracked core also appears to merge with multiple other cores at later times (Fig. 8c), which may268

help it to widen dramatically over 2-3 h.269

We use the core-tracking analysis to evaluate the statistical link between initial core properties270

and ultimate vertical development. To begin, we present histograms of various core properties,271

evaluated at the LFC, over the initial phase of development. This phase is defined as the first 10272
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minutes of the track, with the analysis restricted to cores based at the local LFC at first detection.273

For each core, a time series is created over the initial phase or the full core track, whichever is274

shorter. The initial properties computed from this time series include maximum core area (ALFC),275

maximum vertical velocity ((wmax)LFC), maximum of the mean vertical velocity ((wmean)LFC), and276

time-integrated core-base mass flux (MLFC).277

The total number of cores tracked over 2-3 h is the largest in CTRL (4502) and progressively278

decreases in KP1 (4090), KM53 (3284), and KM3 (2951). This decrease is primarily associated279

with a large reduction in the number of smaller cores and a small increase in the number of larger280

cores (Fig. 9a). The development of larger cores tends to reduce the total cloud population because281

(i) the volume occupied by a single larger cloud corresponds to that of multiple smaller clouds and282

(ii) wider clouds have wider descending branches, which inhibit the formation of smaller clouds283

in-between.284

Whereas only modest terrain sensitivities are apparent in the distributions of (wmax)LFC and285

(wmean)LFC (Figs. 9b, c), the tails of the distributions of MLFC and ALFC extend to progressively286

larger values as the terrain transitions from flat (CTRL), to very small-scale and rugged (KP1), to287

larger-scale (KM53 and KM3) (Figs. 9a, d). Among all of the initial-phase parameters, this trend288

is the most pronounced for MLFC. Thus, the terrain generally channels more of the CBL ascent289

into a smaller number of wider cores, particularly in the KM53 and KM3 cases, which increases290

the averaged inter-cloud spacing.291

The distributions of ultimate maximum heights reached by the cores (Hmax), again evaluated292

over the 2-3 h tracking period (Fig. 10), differ among the four simulations in a similar fashion as293

the maximum cloud-top height in Fig. 4a. All four distributions peak at Hmax ≈ 1 km but exhibit294

a wide variation in maximum core-top heights. While the cores in CTRL fail to reach a height of295

4 km, the maximum Hmax systematically increases in KP1, KM53, and KM3, to around 7.5 km in296
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KM3. These inter-case differences in Hmax are consistent with the corresponding distributions of297

ALFC and MLFC in Figs. 9a and 9d, except for the KM53 and KM3 cases. While the KM53 exhibits298

the longest tail in ALFC and MLFC, the longest tail of Hmax is in KM3 case. Possible explanations299

for this behavior are discussed in section 3c.300

Correlations between three initial-phase parameters (namely ALFC, wmax, and MLFC) and ultimate301

core-top height (Hmax) are presented in Fig. 11. For each initial parameter, five bins are created to302

cover its simulated range, and distributions of Hmax within each bin are represented by percentiles303

(25th, 50th, and 75th). The results show that larger initial values of ALFC, wmax, and MLFC are all304

associated with larger Hmax, suggesting that these initial parameters may dictate key aspects of the305

ensuing cloud life cycle. Based on a Spearman correlation analysis (e.g., Wilks 1995), all three of306

these initial-core properties correlate well with Hmax, with MLFC exhibiting the strongest correlation307

(R-values ranging from 0.43-0.72 over the four simulations), followed by wmax (0.28-0.49) and308

ALFC (0.21-0.42). The corresponding P-values are negligible (< 0.001), indicating statistically309

significant correlations at the 99% level for all three initial properties, in all four simulations.310

Although MLFC exhibits the largest correlation with Hmax in this analysis, we henceforth use ALFC311

as our primary initial “control” variable for consistency with past studies (e.g., Dawe and Austin312

2012; Rousseau-Rizzi et al. 2017) and its superior predictive skill in the analyses to follow.313

The positive correlations between initial core properties and ultimate cloud-top height seen above314

are similar to, but slightly weaker than, those of Rousseau-Rizzi et al. (2017) for cumuli initiated315

by a mesoscale convergence line. These correlations, we hypothesize, reflect a causal mechanism316

whereby cores with initially larger sizes, vertical velocities, and/or core-base mass fluxes undergo317

less dilution by mixing with environmental air as they ascend, and thus ultimately become more318

vigorous and deeper.319
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This hypothesis is supported by profiles of maximum core buoyancy (bmax; see definition of b in320

the Appendix), vertical velocity (wmax), and total cloud hydrometeor content ((qh)max), stratified321

in bins of ALFC, for the KM3 simulation (Fig. 12). These profiles are calculated by finding the322

maximum value of the quantity (e.g., bmax) within each tracked core at each vertical level, at each323

time of the track. The maxima are then conditionally averaged over all cores (and all times) within324

bins of ALFC. The core-maximum bmax, wmax, and (qh)max profiles tend to increase monotonically325

with ALFC (Figure 12), with maximum values increasing 3-4-fold between the smallest and largest326

ALFC bins. Similar sensitivities are found if ALFC is replaced by MLFC or wmax as the control327

variable (not shown).328

The sensitivities of bmax, wmax, and (qh)max to ALFC and MLFC suggests that larger cores with329

more sustained subcloud updrafts are less diluted by mixing with environmental air than are the330

smaller cores. This suggestion is evaluated quantitatively by comparing profiles of bulk fractional331

entrainment ε and detrainment δ, as functions of ALFC. We evaluate ε and δ using the simple “bulk-332

plume” approach of Betts (1975), using profiles of vertical mass flux (mc) and a moist-conserved333

variable φ within the cores:334

ε =
1

φe −φc

dφc

dz
(1)

1
mc

dmc

dz
= ε − δ, (2)

where the subscripts “c” and “e” denote cloud core and environment, respectively, and φ is the335

aforementioned vertically decreasing passive tracer. Profiles of ε and δ are computed within each336

tracked core at each time, and then conditionally averaged over different ALFC bins. Evaluating the337

resulting profiles for the KM3 case, we find a general decrease in both ε and δ with increasing ALFC338

(Fig. 13). This trend dominates the profiles below 4 km and continues to hold farther aloft except339

for a shallow layer where ε and δ are both the lowest in an intermediate ALFC bin (0.6-1.2×106 m2).340
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This finding suggests that the link between initial-phase parameters and ε and δ is the strongest in341

the lower-to-middle troposphere and weakens slightly aloft, the latter of which may stem from the342

small number of cores that extend above the 4 km level prior to 3 h.343

c. Updraft maintenance344

The analysis heretofore suggests that heterogeneous terrain promotes CI by generating larger345

cloud cores, with larger core-base mass fluxes, near the LFC. These larger cores are less suppressed346

by entrainment and detrainment as they grow, leading to increased midtropospheric cloud vigor347

and deeper ascent. Although this attractively simple narrative explains the differences between348

the flat CTRL case and the three terrain cases (KP1, KM53, and KM3), it does not fully explain349

the sensitivity of CI to the terrain spectrum. For example, whereas the KM53 case has the largest350

number of large cores during the initial phase (Fig. 9a), CI occurs first in the KM3 case. Moreover,351

the differences in initial core parameters between the KP1, KM53, and KM3 cases in Fig. 9 are352

much less prominent than the corresponding differences in Hmax in Fig. 10. Although one may353

be tempted to attribute these modest discrepancies to random variability, the narrow spread of the354

KM53 ensemble in Fig. 4 suggests that the different timing of CI in the three cases is systematic355

and not random. Thus, other, as-yet-unexplained effects must promote faster cloud development356

over larger-scale terrains.357

We hypothesize that, along with initiating larger cloud cores, larger-scale terrains provide a more358

supportive environment for incipient clouds to develop vertically. First, larger-scale terrains yield359

a wider spacing between terrain-induced updrafts and downdrafts, which prevents newly formed360

clouds from experiencing terrain-forced descent immediately after forming. Second, the larger-361

scale terrains generate fewer clouds (and cloud cores) than more rugged terrains, which minimizes362

competition between neighboring clouds. In more densely packed cloud fields, downdrafts from363
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one cloud may suppress the growth of one or more nearby clouds. Although these two effects364

are not fully separable in practice, we assume that the former effect manifests as a reduction of365

core-base mass flux while the latter manifests as enhanced cloud-layer entrainment, evaporation,366

and detrainment.367

Evidence for the first mechanism is provided by time series of mean core-base mass flux (mLFC)368

for the KP1, KM53, and KM3 cases (Fig. 14). To focus on the cores with the greatest potential for369

subsequent growth, only those with ALFC ≥ 2×106 m2 are considered. At each time along the track370

(ttrack, which starts at zero for each track), mLFC(ttrack) is the averaged LFC mass flux over all tracks371

satisfying this criterion, excluding those that terminate prior to ttrack. The resulting time series start372

at broadly similar values but quickly diverge over time, with KM3 increasing nearly monotonically373

to large values, KM53 fluctuating with a modest net increase, and KP1 decreasing in time. These374

results imply that, over larger-scale terrain, larger cores benefit from amore persistent and abundant375

supply of subcloud air. This may reflect reduced exposure to terrain-induced downdrafts over the376

core life cycle and/or larger time scales of the subcloud updrafts initiating the cores, both directly377

related to the increased spatiotemporal forcing scales over larger-scale terrains.378

The above argument can be roughly quantified by evaluating the advective time scale of clouds379

over stationary, terrain-forced updrafts. Consider a simple mechanically forced orographic flow,380

for which the transit time over such an updraft (τadv) scales as the ratio of a characteristic forcing381

scale λc to mean CBLwind speedU. EstimatingU = 3 m s−1 (based on Fig. 6c), λc ≈ 6∆h = 1.5 km382

in KP1, and λc ≈ 20 km in KM3 (the latter two based on Fig. 2), τadv increases from 8.4 min in383

KP1 to 111 min in KM3. These time scales are consistent with the experimental trends in Fig. 14:384

whereas mLFC begins to decrease after just 10 min in KP1, it increases continuously over the 1 h385

analysis period in KM3. Note that, although is λc was simply taken as the maximum forcing scale386
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in this analysis, it is envisioned more precisely as an integral scale. Thus, τadv in the KM53 would387

fall somewhere between that of the KP1 and KM3 cases.388

To investigate the second mechanism (cloud–cloud interactions), we apply the bulk-plume en-389

trainment/detrainment analysis to the KP1 simulation (Fig. 15), where the number of tracked cores390

is 39% larger than in the KM3 case (as shown in Fig. 9). Although the ε and δ profiles again show391

an inverse sensitivity to ALFC, their values in KP1 are generally larger than those in KM3 (Fig. 13),392

particularly for the larger ALFC bins. Because these larger cores are the ones that ultimately ascend393

the deepest (Fig. 11), their increased entrainment-induced dilution and detrainment-induced mass394

loss suppresses CI in the KP1 case. Althoughwe defer a detailed analysis of themechanisms behind395

these differences in ε and δ to future work, they are consistent with the notion of stronger cloud-396

cloud interactions, and/or terrain-induced downdrafts extending into the cloud layer, suppressing397

vertical development in the KP1 case.398

d. Robustness tests399

Moist convection is a turbulent process that occupies a wide range of spatiotemporal scales.400

Explicitly resolving this full spectrum of scales is numerically prohibitive, and thus we have401

adopted a LES approach. This approach is generally acceptable provided that the larger eddies402

are well resolved and the grid spacing lies well within the inertial subrange, which requires a grid403

spacing of about 10 times the dominant turbulence scale (e.g,. Bryan et al. 2003; Honnert et al.404

2011). In our experiments, this requirement is not met in either the horizontal or vertical directions,405

where the respective grid spacings (∆h = 250 m and ∆v = 100 m) are comparable to the CBL depth406

(Fig. 6). Thus, it is fair to question whether the simulated CI processes may vary on finer or coarser407

grids. Moreover, only one initial sounding and surface heating function was considered (Fig. 1),408

so the conclusions may suffer from a lack of generality.409
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Kirshbaum (2020) systematically studied the sensitivities of both mechanically and thermally410

forced orographic convection to ∆h. In flows with well developed CBLs like the LBA case,411

∆h ≤ 250 m was required for a “converged” solution, wherein further grid refinements did not412

significantly change the bulk statistics. To evaluate whether this result carries over to the present413

simulations, we run three tests identical to theCTRL,KM53, andKM3cases exceptwith∆h = 125m414

and the terrain refined accordingly. The KP1 case is excluded because, upon refining its terrain,415

it generated numerical instabilities over very steep slopes with terrain-following coordinates (e.g.,416

Fang and Porté-Agel 2016). Also, to save expense, only one KM53 terrain realization is run at417

∆h = 125 m, in contrast to the five-member ensemble at ∆h = 250 m.418

While ∆h = 125 m still fails to adequately resolve the larger CBL eddies early in the simulation,419

it provides a more realistic depiction of turbulent processes in the CBL and above. Comparing420

cloud-top heights for these cases to the original simulations with ∆h = 250 m (cf. Figs. 16a and421

4), the trend for CI to occur first in KM3 and last in CTRL is reproduced, with about a 30-min422

time delay relative to the coarser-gridded original simulations. Similarly, cloud-tracking analysis423

reveals similar trends as in the original simulations (not shown for brevity). Thus, horizontal grid424

refinement does not qualitatively change the experimental trends or their interpretations.425

We also evaluate the robustness of our findings to ambient winds by rerunning the four cases with426

the initial wind profile set to zero. Although the winds in the LBA sounding are weak (Fig. 1a),427

even modest boundary-layer winds can have a major impact on topographically forced updrafts428

(e.g., Kirshbaum and Wang 2014). The resulting bulk time series once again show similar trends429

in the timing of CI as in the original cases, with the minor exceptions that CI generally occurs430

slightly earlier and the sensitivity to terrain ruggedness is slightly weakened (Fig. 16b).431

The earlier CI in the zero-wind cases is partly owing to the absence of background vertical432

shear, which suppresses the vertical development of shallow cumuli by enhancing adverse vertical433
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perturbation pressure gradients (VPPGs) (e.g., Kirshbaum and Straub 2019). The cloud-core-434

averaged VPPG is approximately halved in the simulations with zero initial wind (not shown),435

which enhances upward accelerations and facilitates CI. The reduced sensitivity to terrain forcing436

scale in these cases can be qualitatively explained by the advective time-scale argument of section 3c.437

Namely,U = 0 implies infinite τadv inKP1, KM53, andKM3,which eliminates one factor expediting438

CI over larger-scale terrains.439

Finally, we have run an additional set of three simulations that follow a different approach to440

varying the terrain ruggedness. Whereas the original simulations varied the slope of the terrain441

power spectrum, these experiments are based on a single terrain spectrum (KM53, with a κ−5/3
442

slope) and progressively high-pass filter the spectrum to increase the ruggedness. The three cases,443

KM53-F20, KM53-F10, and KM53-F05, denote filtering of scales larger than 20 km, 10 km,444

and 5 km, respectively. The filtered terrain is then rescaled in physical space to have the same445

relief (200 m) as the original KM53 case. As shown in Fig. 16c,the cloud vertical development446

progressively weakens as the larger scales are progressively removed. These experiments thus447

reinforce the notion that smaller-scale/more rugged terrains are less effective than larger-scale448

terrains at facilitating CI.449

5. Conclusions450

Large-eddy simulations of deep-convection initiation (CI) have been performed to determine the451

impact of heterogeneous, low terrain on cumulus cloud vigor and the timing of CI. The initial452

conditions and surface heat fluxes were based on an observed case of CI over the Amazon River453

basin, but the terrain was highly idealized. The latter was designed by specifying a power spectrum454

in wavenumber space, inverting to physical space using random phases for each wave mode, then455

scaling the field to have a maximum height of 200 m. Along with a reference flat case (CTRL),456
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three simulations were performed with differing power-spectral slopes in the mesoscale, giving a457

wide range of topographic ruggedness.458

For the case of interest, the terrain notably enhanced cloud vigor and expedited CI by up to459

2-3 h, relative to the CTRL case. This promotion of CI was generally owing to the formation of460

terrain-induced circulations in the subcloud layer that enhanced subcloud kinetic energy on the461

mesoscale. These broader circulations initiated larger cloud cores (the buoyant and ascending462

portions of cumuli) at the level of free convection (LFC), leading to less entrainment-induced463

dilution and detrainment-induced mass loss on their ascent through the troposphere. As a result,464

the terrain induced the formation of initially wider clouds that becomemore vigorous and ascended465

deeper into the troposphere.466

Although all three terrain fields under consideration promoted CI, larger-scale terrain was more467

effective at doing so than smaller-scale (i.e. more rugged) terrain. Larger-scale terrain not only468

initiated wider clouds than did smaller-scale terrain, but it also increased the persistence of the469

subcloud updrafts feeding the clouds. This increased subcloud support over the cloud life cycle470

rendered the cloud circulations more plume-like (as opposed to bubble-like). The reduced bulk471

entrainment rates in thewider, more persistent clouds are consistent with laboratory studies showing472

smaller dilution rates in updraft plumes than in updraft bubbles (e.g., Blyth 1993).473

The above findings were robust to horizontal grid refinement, zeroing of the initial winds, and474

a different method of varying terrain ruggedness, suggesting that they are not specific to the475

numerical configuration, environmental state, or terrain used herein. However, due to practical476

limitations, some conclusions may not fully carry over to reality. For one thing, subcloud cir-477

culations and microscale turbulence along cloud edges remain under-resolved even on the finest478

grids considered (∆h = 125 m). While resource limitations precluded further grid refinements,479

these will be facilitated by future computational advancements. Moreover, the isotropic idealized480

22



terrain fields differ from real terrains, which are aperiodic and highly anisotropic. The impacts of481

this simplification were not quantified but may be significant, and thus will be addressed in future482

work. Finally, although this study outlined a clear link between terrain forcing scales, CBL ascent,483

and associated cloud morphology, it focused on cloud-layer dynamics and did not investigate the484

subcloud dynamics in detail. Future work should investigate the detailed mechanisms by which485

heterogeneous terrain modifies the CBL dynamics and exchange with the free troposphere, across486

a range of meteorological environments.487
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APPENDIX496

The core-tracking algorithm is a post-processing analysis that relies on overlap in the position of497

moist thermals between successive 1-min model-output times. At a given time, all convective498

core grid points in the domain are identified by the coincidence of positive vertical velocity w499

and buoyancy b, along with cloud water plus ice content (qc + qi) exceeding 0.01 g kg−1. In the500

preceding, b= g(θρ−θρ)/θρ, where the bar denotes a horizontal average, and qc and qi are the cloud501

water and cloud ice mixing ratios, respectively. Each interconnected region of core grid points502

(using 26-point connectivity in 3D) containing 9 or more grid points is treated as an individual503

core. The 9-point threshold is enforced to avoid very small and ephemeral cores and focus on the504

more coherent objects.505

The above process is repeated one minute later, and all core objects that overlap with those at506

the previous minute are treated as continuations of the previous core track, with a unique object507

identification number. In this fashion, the life cycle of the object is tracked over time. Core mergers508

occur when, at a given time, a single core overlaps with two or more cores from the previous time.509

In such cases, the track of the previous core with the most similar volume to the merged core is510

continued, and the other tracks are terminated. Core splits, in contrast, occur if two or more cores511

from the current time overlap with a single core from the previous time. Similar to mergers, the512

split core with the most similar volume to the previous core retains the identification number of the513

previous core track, while the other cores are treated as new tracks. To ensure that tracked cores514

originate near cloud base and are not elevated within the cloud layer, we require that core top lie515

below 3 km for a new core track to be established.516

24



References517

Banta, R. M., 1984: Daytime boundary-layer evolution over mountainous terrain. part i: Observa-518

tions of the dry circulations. Mon. Wea. Rev., 112, 340–356.519

Barthlott, C., U. Corsmeier, C. Meissner, F. Braun, and C. Kottmeier, 2006: The influence of520

mesoscale circulation systems on triggering convective cells over complex terrain. Atmos. Res.,521

81 (2), 150–175, doi:https://doi.org/10.1016/j.atmosres.2005.11.010.522

Betts, A. K., 1975: Parametric interpretation of trade-wind cumulus budget studies. J. Atmos. Sci.,523

32 (10), 1934–1945, doi:10.1175/1520-0469(1975)032<1934:PIOTWC>2.0.CO;2.524

Blyth, A. M., 1993: Entrainment in cumulus clouds. J. Appl. Meteorol., 32, 626–641.525

Bougeault, P., P. Binder, A. Buzzi, R. Dirks, R. H. nad J. Kuettner, R. B. Smith, R. Steinacker, and526

H. Volkert, 2001: The MAP special observing period. Bull. Amer. Meteor. Soc., 82, 433–462.527

Bryan, G. H., and J. M. Fritsch, 2002: A benchmark simulation for moist nonhydrostatic models.528

Mon. Wea. Rev., 130, 2917–2928.529

Bryan, G. H., J. C. Wyngaard, and J. M. Fritsch, 2003: Resolution requirements for the simulation530

of deep moist convection. Mon. Wea. Rev., 131, 2394–2416.531

Chu, C.-M., and Y.-L. Lin, 2000: Effects of orography on the generation and propagation of532

mesoscale convective systems in a two-dimensional conditionally unstable flow. J. Atmos. Sci.,533

57, 3817–3837.534

Cosma, S., E. Richard, and F. Miniscloux, 2002: The role of small-scale orographic features in the535

spatial distribution of precipitation. Quart. J. Roy. Meteor. Soc., 128, 75–92.536

25



Crook, N. A., and D. F. Tucker, 2005: Flow over heated terrain. Part I: Linear theory and idealized537

numerical simulations. Mon. Wea. Rev., 133, 2552–2564.538

Damiani, R., and Coauthors, 2008: The cumulus, photogrammetric, in situ, and doppler observa-539

tions experiment of 2006. Bull. Amer. Meteor. Soc., 89, 57–73.540

Dawe, J. T., and P. H. Austin, 2012: Statistical analysis of an les shallow cumulus cloud541

ensemble using a cloud tracking algorithm. Atmos. Chem. Phys., 12 (2), 1101–1119, doi:542

10.5194/acp-12-1101-2012, URL https://acp.copernicus.org/articles/12/1101/2012/.543

Deardorff, J. W., 1980: Stratocumulus-capped mixed layers derived from a three-dimensional544

model. Bound.-Layer Meteor., 18 (4), 495–527, doi:10.1007/BF00119502.545

Demko, J. C., and B. Geerts, 2010: A numerical study of the evolving convective boundary layer546

and orographic circulation around the Santa Catalina Mountains in Arizona. part II: Interaction547

with deep convection. Mon. Wea. Rev., in press.548

Fang, J., and F. Porté-Agel, 2016: Intercomparison of terrain-following coordinate transformation549

and immersed boundary methods in large-eddy simulation of wind fields over complex terrain.550

Journal of Physics: Conference Series, 753, 082 008, doi:10.1088/1742-6596/753/8/082008,551

URL https://doi.org/10.1088/1742-6596/753/8/082008.552

Grabowski, W. W., and Coauthors, 2006: Daytime convective development over land: A model553

intercomparison based on LBA observations. Quart. J. Roy. Meteor. Soc., 132, 317–344.554

Honnert, R., V. Masson, and F. Couvreux, 2011: A diagnostic for evaluating the representation of555

turbulence in atmospheric models at the kilometric scale. J. Atmos. Sci., 68 (12), 3112–3131,556

doi:10.1175/JAS-D-11-061.1.557

26



Imamovic, A., L. Schlemmer, and C. Schär, 2017: Collective impacts of orography and soil558

moisture on the soil moisture-precipitation feedback. Geophys. Res. Lett., 44 (22), 11,682–559

11,691, doi:https://doi.org/10.1002/2017GL075657.560

Khairoutdinov, M., and D. Randall, 2006: High-resolution simulation of shallow-to-deep convec-561

tion transition over land. J. Atmos. Sci., 63, 3421–3436.562

Kirshbaum, D. J., 2020: Numerical simulations of orographic convection across multiple gray563

zones. J. Atmos. Sci., 77 (10), 3301 – 3320, doi:10.1175/JAS-D-20-0035.1.564

Kirshbaum, D. J., B. Adler, N. Kalthoff, C. Barthlott, and S. Serafin, 2018: Moist orographic565

convection: Physical mechanisms and links to surface-exchange processes. Atmosphere, 9 (3),566

doi:10.3390/atmos9030080.567

Kirshbaum, D. J., G. H. Bryan, R. Rotunno, and D. R. Durran, 2007a: The triggering of orographic568

rainbands by small-scale topography. J. Atmos. Sci., 64, 1530–1549.569

Kirshbaum, D. J., F. Fabry, and Q. Cazenave, 2016: The Mississippi Valley convection minimum570

on summer afternoons: observations and numerical simulations. Mon. Wea. Rev., 144, 263–272.571

Kirshbaum, D. J., R. Rotunno, and G. H. Bryan, 2007b: The spacing of orographic rainbands572

triggered by small-scale topography. J. Atmos. Sci., 64, 4222–4245.573

Kirshbaum, D. J., and D. N. Straub, 2019: Linear theory of shallow convection in deep, vertically574

sheared atmospheres. Quart. J. Roy. Meteor. Soc., 145 (724), 3129–3147, doi:https://doi.org/10.575

1002/qj.3609.576

Kirshbaum, D. J., and C.-C. Wang, 2014: Boundary layer updrafts driven by airflow over heated577

terrain. J. Atmos. Sci., 71, 1425–1442.578

27



Kottmeier, C., N. Kalthoff, C. Barthlott, and Co-authors, 2008: Mechanisms initiating deep579

convection over complex terrain during COPS. Meteorol. Z., 17, 931–948.580

Miglietta, M. M., and R. Rotunno, 2009: Numerical simulations of conditionally unstable flows581

over a ridge. J. Atmos. Sci., 66, 1865–1885.582

Morrison, H., G. Thompson, and V. Tatarskii, 2009: Impact of cloud microphysics on the devel-583

opment of trailing stratiform precipitation in a simulated squall line: Comparison of one- and584

two-moment schemes. Mon. Wea. Rev., 137 (3), 991–1007, doi:10.1175/2008MWR2556.1.585

Raymond, D. J., and M. H. Wilkening, 1982: Flow and mixing in New Mexico cumuli. J. Atmos.586

Sci., 39, 2211–2228.587

Richard, E., P. Mascart, and E. C. Nickerson, 1989: The role of surface friction in downslope588

windstorms. J. Appl. Meteorol. Climatol., 28 (4), 241 – 251, doi:10.1175/1520-0450(1989)589

028<0241:TROSFI>2.0.CO;2.590

Rieck, M., C. Hohenegger, and C. C. van Heerwaarden, 2014: The influence of land surface591

heterogeneities on cloud size development. Mon. Wea. Rev., 142 (10), 3830–3846, doi:10.1175/592

MWR-D-13-00354.1.593

Rousseau-Rizzi, R., D. J. Kirshbaum, and M. K. Yau, 2017: Initiation of deep convec-594

tion over an idealized mesoscale convergence line. J. Atmos. Sci., 74 (3), 835–853, doi:595

10.1175/JAS-D-16-0221.1.596

Rozoff, C. M., W. R. Cotton, and J. O. Adegoke, 2003: Simulation of St. Louis, Missouri, land use597

impacts on thunderstorms. J. Appl. Meteorol., 42, 716–738.598

Smith, R. B., 1989: Hydrostatic flow over mountains. Adv. Geophys., 31, 1–41.599

28



Smith, R. B., and Coauthors, 2012: Orographic precipitation in the tropics: the Dominica experi-600

ment. Bull. Amer. Meteor. Soc., 93, 1567–1579.601

Wang, C.-C., D. J. Kirshbaum, and D. M. L. Sills, 2019: Convection initiation aided by lake-602

breeze convergence over the niagara peninsula. Mon. Wea. Rev., 147 (11), 3955 – 3979, doi:603

10.1175/MWR-D-19-0123.1.604

Wilks, D. S., 1995: Statistical methods in the Atmospheric Sciences. Academic Press, 467 pp.605

29



LIST OF FIGURES606

Fig. 1. Configuration of the LBA experiments: (a) Skew-T/log-P plot of the initial sounding and (b)607

time-evolution of prescribed sensible (H) and latent-heat (LE) fluxes. In the wind profile of608

(a), half-barbs denote 5 m s−1 and full barbs denote 10 m s−1. . . . . . . . . . 32609

Fig. 2. Power spectra for three different complex-terrain simulations. . . . . . . . . . . 33610

Fig. 3. Terrain profiles for three different cases: (a) a κ1 power spectrum (KP1), (b) a κ−5/3 power611

spectrum (KM53), and (c) a κ−3 power spectrum (KM3). . . . . . . . . . . . 34612

Fig. 4. Comparison of bulk metrics of convection intensity in the four simulations: (a) maximum613

cloud-top height, (b) volume-integrated upward cloud mass flux, and (c) domain-averaged614

precipitation rate. . . . . . . . . . . . . . . . . . . . . . 35615

Fig. 5. Comparison of lowest-model-level wind vectors, terrain height (gray fill) and cloud-water616

path (CWP; color fill) for the four simulations, zoomed over a small section of the domain617

for ease of viewing. . . . . . . . . . . . . . . . . . . . . . 36618

Fig. 6. Low-level, horizontally averaged profiles of (a) θ, (b) qv , (c) u and v, and (d) total TKE619

(resolved plus subgrid) for four simulations at 2 h. . . . . . . . . . . . . . 37620

Fig. 7. Power spectra of w at the LFC averaged over the 2-3 h period, where λ is the horizontal621

wavelength. . . . . . . . . . . . . . . . . . . . . . . . 38622

Fig. 8. Core-tracking analysis on the KM3 simulation, at three different times: (a) 121 min, just623

after the onset of the analysis, (b) 150 min, and (c) 180 min. Shown are the cloud-water path624

(filled), defined as the vertical integral of cloud-water path (ρ(qc + qi)), and terrain height625

from 100 m to 200 m (i.e., ridges) in gray contours, in intervals of 25 m. Core tracks are626

shown by thick black lines with a filled circle at their origin. For ease of viewing, tracks627

are only shown for cores reaching heights of 3 km over the 2-3 h period. The instantaneous628

position of each track corresponds to the core grid point with the largest maximum vertical629

velocity. . . . . . . . . . . . . . . . . . . . . . . . . 39630

Fig. 9. Distributions of properties of tracked convective cores during their initial phase, all evaluated631

at the local LFC: (a) ALFC, (b) wmax, (c) wmean, and (d) MLFC. All quantities are defined in632

the text. . . . . . . . . . . . . . . . . . . . . . . . . 40633

Fig. 10. Distributions of Hmax in the four simulations. . . . . . . . . . . . . . . 41634

Fig. 11. Relationships between initial properties andmaximum core-top height (Hmax) between 2-3 h:635

(a) ALFC, (b) wmax, and (c) MLFC. Each error bar shows the median value (filled circle), along636

with the 25th and 75th percentile, and the number of cores falling into that bin is written637

above or below the error bar. Vertical lines denote the edges of each bin. . . . . . . . 42638

Fig. 12. Conditionally averaged vertical profiles of (a) bmax, (b) wmax, and (c) (qh)max over all cores639

in various ALFC bins, over 2-3 h in the KM3 simulation. The bin edges are shown in the legend. . 43640

Fig. 13. Conditionally averaged vertical profiles of bulk fractional entrainment ε and detrainment δ641

over all cores in various ALFC bins, over 2-3 h in the KM3 simulation. The bin edges are642

shown in the legend (units of m2). . . . . . . . . . . . . . . . . . 44643

30



Fig. 14. Evolution of mean core-base (LFC) mass flux for all cloud cores with ALFC ≥ 2×106 m2, in644

the three terrain simulations. . . . . . . . . . . . . . . . . . . 45645

Fig. 15. As in Fig. 13, but for the KP1 simulation. . . . . . . . . . . . . . . . 46646

Fig. 16. As in Fig. 4a, but for experiments with (a) ∆h = 125 m, (b) zero initial winds, and (c) using647

filtered KM53 amplitude spectra to vary ruggedness. . . . . . . . . . . . . 47648

31



Fig. 1: Configuration of the LBA experiments: (a) Skew-T/log-P plot of the initial sounding and (b) time-evolution of prescribed
sensible (H) and latent-heat (LE) fluxes. In the wind profile of (a), half-barbs denote 5 m s−1 and full barbs denote 10 m s−1.
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Fig. 2: Power spectra for three different complex-terrain simulations.
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Fig. 3: Terrain profiles for three different cases: (a) a κ1 power spectrum (KP1), (b) a κ−5/3 power spectrum (KM53), and (c) a
κ−3 power spectrum (KM3).
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Fig. 4: Comparison of bulk metrics of convection intensity in the four simulations: (a) maximum cloud-top height, (b) volume-
integrated upward cloud mass flux, and (c) domain-averaged precipitation rate.
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Fig. 5: Comparison of lowest-model-level wind vectors, terrain height (gray fill) and cloud-water path (CWP; color fill) for the
four simulations, zoomed over a small section of the domain for ease of viewing.
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Fig. 6: Low-level, horizontally averaged profiles of (a) θ, (b) qv , (c) u and v, and (d) total TKE (resolved plus subgrid) for four
simulations at 2 h.
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Fig. 7: Power spectra of w at the LFC averaged over the 2-3 h period, where λ is the horizontal wavelength.
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Fig. 8: Core-tracking analysis on the KM3 simulation, at three different times: (a) 121 min, just after the onset of the analysis, (b)
150 min, and (c) 180 min. Shown are the cloud-water path (filled), defined as the vertical integral of cloud-water path (ρ(qc +qi)),
and terrain height from 100 m to 200 m (i.e., ridges) in gray contours, in intervals of 25 m. Core tracks are shown by thick black
lines with a filled circle at their origin. For ease of viewing, tracks are only shown for cores reaching heights of 3 km over the 2-3 h
period. The instantaneous position of each track corresponds to the core grid point with the largest maximum vertical velocity.
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Fig. 9: Distributions of properties of tracked convective cores during their initial phase, all evaluated at the local LFC: (a) ALFC,
(b) wmax, (c) wmean, and (d) MLFC. All quantities are defined in the text.
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Fig. 10: Distributions of Hmax in the four simulations.
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Fig. 11: Relationships between initial properties and maximum core-top height (Hmax) between 2-3 h: (a) ALFC, (b) wmax, and
(c) MLFC. Each error bar shows the median value (filled circle), along with the 25th and 75th percentile, and the number of cores
falling into that bin is written above or below the error bar. Vertical lines denote the edges of each bin.
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Fig. 12: Conditionally averaged vertical profiles of (a) bmax, (b) wmax, and (c) (qh)max over all cores in various ALFC bins, over
2-3 h in the KM3 simulation. The bin edges are shown in the legend.
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Fig. 13: Conditionally averaged vertical profiles of bulk fractional entrainment ε and detrainment δ over all cores in various ALFC
bins, over 2-3 h in the KM3 simulation. The bin edges are shown in the legend (units of m2).
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Fig. 14: Evolution of mean core-base (LFC) mass flux for all cloud cores with ALFC ≥ 2×106 m2, in the three terrain simulations.
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Fig. 15: As in Fig. 13, but for the KP1 simulation.
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Fig. 16: As in Fig. 4a, but for experiments with (a) ∆h = 125 m, (b) zero initial winds, and (c) using filtered KM53 amplitude
spectra to vary ruggedness.
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