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Abstract

Observations and simulations have found convective cold pools to trigger and organize subsequent updrafts by modifying near-

surface temperature and moisture as well as by lifting air parcels at the outflow boundaries. We study the causality between cold

pools and subsequent deep convection in an idealized large-eddy simulation by tracking colliding outflow boundaries preceding

hundreds of deep convection events. When outflow boundaries collide, their common front position remains immobile, whereas

the internal cold pool dynamics continues for hours. We analyze how this dynamics “funnels” moisture from a relatively large

volume into a narrow convergence zone. We quantify moisture convergence and separate the contribution from surface fluxes,

finding that it plays a secondary role. Our results highlight that dynamical effects are crucial in triggering new convection,

even in radiative-convective equilibrium. However, it is the moisture convergence resulting from this dynamics that moistens

the atmosphere aloft and ultimately permits deep convection.
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Key Points:5

• Cold pool collisions cause a sustained reset of moisture circulation;6

• Tracking of colliding outflow boundaries highlights the role of pre-moistening in7

cold pool organization;8

• The primary cause of pre-moistening is sustained low-level convergence, surface9

fluxes play a secondary role.10
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Abstract11

Observations and simulations have found convective cold pools to trigger and organize12

subsequent updrafts by modifying near-surface temperature and moisture as well as by13

lifting air parcels at the outflow boundaries. We study the causality between cold pools14

and subsequent deep convection in an idealized large-eddy simulation by tracking col-15

liding outflow boundaries preceding hundreds of deep convection events. When outflow16

boundaries collide, their common front position remains immobile, whereas the internal17

cold pool dynamics continues for hours. We analyze how this dynamics ”funnels” mois-18

ture from a relatively large volume into a narrow convergence zone. We quantify mois-19

ture convergence and separate the contribution from surface fluxes, finding that it plays20

a secondary role. Our results highlight that dynamical effects are crucial in triggering21

new convection, even in radiative-convective equilibrium. However, it is the moisture con-22

vergence resulting from this dynamics that moistens the atmosphere aloft and ultimately23

permits deep convection.24

Plain Language Summary25

Cold pools are blobs of cold air that can form under thunderstorm clouds due to26

the evaporation of rain. Because they are denser than the surrounding air, cold pools27

spread out along the surface. It has long been known that thunderstorm development,28

while inhibited inside the cold pools, is stimulated near the edges. Here we use idealized29

numerical simulations of cold pool-producing tropical thunderstorms to study how the30

cold pools interact to achieve this organization of subsequent clouds. We find that when31

cold pools collide with one another, they establish a circulation near the surface that lasts32

for several hours. This circulation transports moist air from a very large area into a small33

one, where it is deflected upwards and eventually facilitates thunderstorm development.34

Our results improve our understanding of how cold pools trigger extreme rain events,35

and have implications for how thunderstorms should be depicted in climate models.36

1 Introduction37

1.1 Atmospheric cold pools38

Cold pools (CPs) form as a fraction of precipitation from a cloud re-evaporates when39

it falls to the surface. The latent heat absorbed during the phase change cools the air40

below cloud base, creating a body of relatively dense air that sinks to the ground and41

spreads laterally. CPs can spread over distances of tens to hundreds of km in the course42

of one day (Zuidema et al., 2017) and can modify the conditions for subsequent convec-43

tion by creating and transporting anomalies in temperature, moisture, and wind (e.g.44

Droegemeier and Wilhelmson (1985); Tompkins (2001); Khairoutdinov and Randall (2006);45

Knippertz et al. (2009); Böing et al. (2012); Terai and Wood (2013); Feng et al. (2015);46

Torri and Kuang (2016); de Szoeke et al. (2017)). The edges, where the CPs meet and47

interact with ambient boundary layer air, are commonly referred to as the outflow bound-48

aries.49

Deep convective cells have long been known to preferentially form along these out-50

flow boundaries (Purdom & Marcus, 1981; Droegemeier & Wilhelmson, 1985). Two mech-51

anisms explaining this organization have been proposed. The classic and intuitive view52

is that forced lifting along the advancing outflow boundaries helps parcels of boundary53

layer air to overcome convective inhibition and reach the level of free convection (LFC)54

(Droegemeier and Wilhelmson (1985); and more recently Jeevanjee and Romps (2015);55

Torri et al. (2015)). This was challenged by Tompkins (2001). Instead, in cloud-resolving56

model simulations of a tropical ocean environment, he observed that convective trigger-57

ing occurred long after the expansive phase of the CPs, which is when the highest wind58

speeds at the outflow boundaries occur. The key to triggering new deep convection he59
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therefore attributed to a combination of low CIN and high CAPE at the outflow bound-60

ary after the CP cold anomaly was recovered by surface fluxes, a mechanism that has61

found support in later studies (Langhans & Romps, 2015; Torri et al., 2015).62

Colliding outflow boundaries create bands of strong updrafts (Wilson & Schreiber,63

1986; Lima & Wilson, 2008; Böing et al., 2012), typically explained by either or both of64

the above mechanisms. Due to low-level convergence, these bands constitute moist patches65

over which clouds form (Krueger, 1988). Schlemmer and Hohenegger (2014) found that66

larger moist patches support the formation of more, as well as larger and deeper clouds.67

This lends support to the ”near-environment hypothesis” postulated by Böing et al. (2012),68

stating that wider cloud bases over colliding outflow boundaries reduce the entrainment69

of subsaturated air into growing clouds, thus allowing them to retain their buoyancy and70

develop into cumulonimbi.71

Pursuing these findings, Feng et al. (2015) used high-resolution regional model sim-72

ulations of warm tropical ocean conditions to examine convective organization by CPs.73

They found colliding CPs to trigger substantially more shallow convection than isolated74

ones, attributed to enhanced updraft velocities. The increased accumulation of shallow75

convective clouds, in turn, moistens the environment above the boundary layer, reduc-76

ing dry-air entrainment and eventually allowing for deep convection to develop. This echoes77

an earlier study by Waite and Khouider (2010), who found the deepening of cumulus clouds78

in cloud-resolving numerical experiments to depend heavily on the detrainment of moist79

air into the environment by congesti preceding the formation of deep convection.80

Parametrizations of convection in climate models have struggled to capture the di-81

urnal cycle of convection occurring over tropical land (e.g. Betts and Jakob (2002); Nes-82

bitt and Zipser (2003)). Coupling a convection parametrization scheme with a simple83

representation of CPs that dynamically allow surface parcels to overcome convective in-84

hibition amended this (Rio et al., 2009; Grandpeix & Lafore, 2010), suggesting that forced85

lifting by CPs actively organizes convection over land.86

Convective conditions over tropical oceans differ from those over land due to the87

higher heat capacity of the sea surface. The tropical marine atmosphere is therefore sub-88

ject to near-constant surface heating, and is often approximated as residing in a state89

of radiative-convective equilibrium (RCE) which cannot produce a diurnal cycle of con-90

vection. Thus, there is reason to believe that the ways in which CPs organize and trig-91

ger convection are also different, as the results of, e.g., Tompkins (2001) show.92

Which mechanisms are behind triggering of deep convection under which condi-93

tions is still contested in the literature. In any case, CPs doubtlessly are a key ingredi-94

ent in the organization of convection and the transition from shallow to deep convection.95

In this study, we characterize the causality between CPs and subsequent convection us-96

ing large-eddy simulations (LES). To do so, we exploit an idealized setup that permits97

a simple tracking of the convergence zones established by colliding outflow boundaries.98

Furthermore, we ask what the contribution of surface fluxes is to the moisture conver-99

gence.100

2 Methodology101

2.1 Large-eddy simulations102

Three idealized large-eddy simulations (LES) are run using the University of Cal-103

ifornia, Los Angeles (UCLA) LES code (Stevens et al., 2005) (see Supplementary Infor-104

mation). We perform three simulations with a varying surface boundary condition: a con-105

trol simulation (termed CTR) with a surface at 300K and 100% relative humidity, com-106

pared to a simulation with a 2K colder surface (termed -2K) and a simulation with a107

surface relative humidity of 70% (termed RH70). CTR and -2K correspond to tropical108
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ocean conditions (Bowen ratios of ∼ 0.1), while RH70 is representative for tropical rain-109

forest conditions (Bowen ratio of ∼ 0.25).110

To achieve radiative convective equilibrium (RCE), surface temperature and hu-111

midity, as well as insolation are held constant throughout each simulation. We here study112

the properties within RCE, attained after 300 model hours for CTR and -2K, and 150113

model hours for RH70. These thresholds were chosen as the times when the spatial av-114

erages of near-surface temperature and humidity were converged to the equilibrium val-115

ues. See Supplementary Information for details.116

2.2 Idealized setup117

Focusing on diurnal cycle dynamics, Haerter et al. (2019) highlights the complex-118

ity of CP interactions within the three-dimensional atmosphere. In that case, several ge-119

ometrical configurations of CP collisions can occur, and those involving two and three120

CPs were found to be conceptually different. In order to remove the complexities intro-121

duced by the different geometries of collision, and focus entirely on the processes that122

are active in the lead-up to the formation of new convective events after a collision, we123

use an idealized setup: the LES is run at a 200 km×5 km horizontal grid resolution and124

the output averaged over the narrow dimension before analysis. This pseudo-2D setup125

hence resembles air embedded in a channel, where spreading CPs are forced to travel along126

the direction of the channel. This is enforced by the laterally periodic boundary condi-127

tions, as a CP’s outflow along the narrow dimension will soon collide with the same CP’s128

opposite edge, effectively limiting the direction of motion to be along the long dimen-129

sion. For a further discussion, see Supplementary Information.130

2.3 Simple tracking of outflow boundaries131

An advantage of the above described setup is that the causality between colliding132

outflow boundaries, loci of convergence, and subsequent deep convection becomes ap-133

parent. In order to study the evolution of the atmosphere at the loci of convergence in134

the hours leading up to a new convective event, a tracking algorithm is used: our algo-135

rithm identifies these loci preceding every convective precipitation event. The events are136

identified by first locating precipitation intensity peaks in the spatial dimension that ex-137

ceed 1mmh−1. An upper threshold of 160min on the duration of precipitation events138

is then assumed, as well as the fluctuation in the location of the precipitation intensity139

peak to not exceed 4 km from the location of the earliest peak. This allows for the def-140

inition of precipitation onset as the time of the earliest of these peaks, from which the141

tracking algorithm identifies the loci of convergence backwards in time. These are de-142

fined as the maxima of near-surface vertical velocity, searching in the vicinity of the last143

point on the track. This vicinity is chosen as the area within 4 km from the last point,144

in effect assuming that the convergence locus is not advected further in a single timestep,145

corresponding to a speed of ∼ 6.7m s−1. The search is terminated when the track leads146

to the vicinity of a preceding deep convection event. If this condition is not met, the search147

is terminated when the tracking exceeds 80 timesteps, corresponding to 13.3 model hours.148

3 Results149

3.1 Identifying precipitation events and convergence loci150

To understand the CP dynamics in the present channel domain, it is instructive151

to focus on a specific vertical model level and consider any output field within the hor-152

izontal coordinate as well as time (Figure 1a-c). CPs travel along the surface and their153

outflow boundaries are visible as sharp spikes in vertical velocity. These spikes correspond154

to sharp gradients in horizontal velocity, that is, loci of strong horizontal convergence.155

The convergence patterns are mirrored by the patterns found in near-surface moisture,156

–4–
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Figure 1. Cold pool dynamics in the LES (CTR experiment). (a) Near-surface (100m) ver-

tical velocity. Dark shades indicate positive values. (b) Near-surface (50m) water vapor mixing

ratio. CP interiors are dry (yellow), and outflow boundaries moist (blue) (same color axis as

in Figure 3a). (c) Simple tracking of precipitation events (red dots) and preceding convergence

loci (black lines) plotted over precipitation intensity (blue shading). Red x marks the time and

position of the precipitation event analyzed in Figure 3. Black horizontal lines mark times and

positions of vertical cross sections plotted in panels d, e. (d, e) Vertical cross sections of water

vapor mixing ratio anomaly (contours) and wind (vectors). For clarity, the wind is subtracted

by the horizontal mean flow in the plotted sub-domain, and velocities are averages of bins of 5

and 3 grid points (corresponding to 1000m and 300m) in the horizontal and vertical dimension,

respectively.
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with water vapor mixing ratio increasing near the colliding outflow boundaries, or ”col-157

lision fronts” (Figure 1b). Inspecting this convergence pattern further, it is apparent that158

the collision fronts are also the locations where new deep convection events occur (Fig-159

ure 1c). Although both outflow boundaries usually contribute large vertical velocities160

as the boundaries collide, inspection shows that new events typically occur at the col-161

lision front several hours after the collision occurred. This suggests that the immediate162

mechanical lifting of boundary layer parcels to the LCL plays little role in the trigger-163

ing of new events in RCE. Instead, we here argue that the circulation surrounding the164

collision front continues, long after the time when the outflow boundaries initially col-165

lide, allowing moist near-surface air to be continuously lifted within the convergence zone.166

To qualitatively appreciate this, the moisture circulation during two phases of the167

CP’s lifetime is plotted in Figure 1d,e. Strong vertical velocities accompany the horizon-168

tal velocities at the outflow boundary during the early expansive phase (Figure 1d). How-169

ever, even more than 4 h after the CP outflow boundary has been stalled by that of the170

neighbouring CP, moisture continues to circulate, converging at the collision front, where171

it is advected to higher levels and constitutes a moisture anomaly (Figure 1e). This con-172

vergence continues for a few hours more at more or less the same position before a new173

deep convection event occurs.174

To show that such sustained CP-induced convergence zones are the most impor-175

tant mechanism behind organizing deep convection in the numerical experiments, we use176

the tracking algorithm described in section 2.3 to aggregate the loci of these convergence177

zones in the buildup to deep convection events.178

3.2 Aggregate statistics during event buildup179

In our idealized setup, the tracking of convergence loci preceding deep convection180

permits sampling of the local atmospheric properties. Note that in three-dimensional ana-181

logues such tracking would be far more cumbersome: outflow boundaries would be line182

structures and the cross-section upon collisions of any two or more outflow boundaries183

would have far more complex geometries than in the case we study here — introducing184

additional degrees of freedom into the analysis.185

Using the backtracking for all detected deep convective events, we recover the his-186

tory of instability and moisture during the time leading up to the event (Figure 2). The187

track duration, that is, the time between precipitation onset and the time when the back-188

tracking is terminated, is different from event to event. For the aggregate buildup, a du-189

ration starting at −8 h is chosen, as the frequencies of track durations longer than this190

drops below 5% for all three numerical experiments. (Figure S3). At the other end, the191

aggregate buildup is truncated at 20min before precipitation onset. The quantities plot-192

ted in Figure 2 all exhibit a sudden change after this, which we attribute to the effects193

of downdrafts forming in the minutes before precipitation onset and occurrence of im-194

precisely timed precipitation onsets. This time window of -8 h to -20 min is used for the195

results reported here. The untruncated time evolution of the quantities, as directly ob-196

tained by the tracking procedure described in section 2.3, are plotted in Figure S4.197

Classical measures of convective instability are CAPE and CIN (see Supplemen-198

tary Information). Indeed, CAPE (Figure 2c) is appreciable and increases systematically199

before event onset. CIN requires a more careful inspection, as near-surface parcels are200

relatively moist and show very small values of CIN ≈ 0 throughout the lead-up to the201

new event. Accompanied by the appreciable CAPE, this lack of inhibition implies deep202

convection onset according to parcel theory. To evaluate the maximum inhibition in the203

boundary layer, we define the boundary layer as bounded above by the mean LFC in each204

experiment (LFC) and pick the most stable parcel, for which convective inhibition hence-205

forth is termed max-CIN. Although slightly larger, max-CIN is also negligible (Figure206

2d). The gradual reduction in max-CIN indicates that moisture is transported up to the207

–6–



manuscript submitted to Geophysical Research Letters

Figure 2. Time evolution of aggregate atmospheric properties at the tracked convergence loci.

The time axis is relative to the precipitation onset at 0 h. (a) Water vapor mixing ratio near sur-

face (50m) (solid) and at mean level of free convection (LFC) (dashed). (b) Near-surface (100m)

vertical moisture flux (qwρ). (c) Convective available potential energy (CAPE). (d) Convective

inhibition (CIN) for the most inhibited boundary layer reference parcel (z ≤ LFC). Solid/dashed

lines are mean values and shading indicates one standard deviation of the aggregate. Left-side

markers and errorbars show the system mean values and one standard deviation for the plotted

quantities (dot and x correspond to solid and dashed, respectively).
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Table 1. Aggregate statistics during event buildupa

CTR -2K RH70 Units

Δq(50m) 0.2± 0.5 0.3± 0.4 0.0± 0.4 g kg−1

Δq(LFC) 0.6± 0.7 0.6± 0.5 0.5± 0.5 g kg−1

IVMF(100m) 74± 6 61± 5 42± 3 kgm−2

IVMF(LFC) 60± 10 49± 9 23± 5 kgm−2

Model level of LFC 600 600 1102.5 m

aMean ± one standard deviation.

higher levels of the boundary layer where the most inhibited parcels typically reside. This208

moisture transport takes place over the course of hours and thereby can achieve the re-209

duction in inhibition there.210

Figure 2a shows that near-surface moisture increases modestly along the collision211

front until new deep convection sets in, whereas the increase at the LFC is several times212

larger (dashed curves). The moisture increase, Δq, is reported in Table 1. The order of213

magnitude of Δq(LFC) implies an increase of virtual potential temperature of ∼ 0.1K,214

or an increase in buoyancy of 0.003m s−2 for a constant environmental virtual temper-215

ature. As can be seen in Figure 2b, the near-surface vertical moisture flux (= qwρ, where216

q is water vapor mixing ratio, w is vertical velocity, and ρ is the density of air) remains217

positive for the duration of the buildup, advecting large quantities of water vapor over218

the 8 hours. Integrating this quantity over the buildup yields the time-integrated ver-219

tical moisture flux (IVMF), reported in Table 1. IVMF(LFC) is ∼80% of IVMF(100m)220

in CTR and -2K, and ∼55% in RH70, indicating that the majority of the converged mois-221

ture that is deflected near the surface makes it out of the boundary layer. The above find-222

ings suggest that, rather than instability in terms of CAPE/CIN, it is the moistening223

of the atmospheric column that ultimately permits deep convection.224

3.3 The origin and fate of converged moisture225

To substantiate this claim, we now turn to study the source of moisture that is de-
flected into the vertical in the convergence zone, and the eventual moistening of the at-
mosphere. It is straightforward to compute the accumulated horizontal moisture con-
vergence, C, at vertical level z between time ti and tf , by considering the time-integrated
difference

C ≈ ρ(z)δz(z)Δt

xr − xl

tf�

t=ti

�
q(z, xl, t)vh(z, xl, t)− q(z, xr, t)vh(z, xr, t)

�
, (1)

where Δt is the output timestep, q(z, x, t) is the water vapor mixing ratio at horizon-226

tal position x and time t, vh(z, x, t) is the corresponding horizontal velocity, xl and xr227

are the horizontal positions of the left and right boundaries defining the convergence zone,228

taken to be 2 km to either side, δz(z) is the vertical grid spacing, and ρ(z) is the air den-229

sity.230

To quantify how much of the moisture increase is due to surface moisture fluxes,
we repeat the calculation in equation (1), but replace q(xl, t) and q(xr, t) by q(x�

l, t
�
l) and

q(x�
r, t

�
r), where the transformed values x� result from x by iterative backtracking:

x(t− δt) → x(t)− δt vh(x, t) , (2)

where δt > 0 is chosen sufficiently small. This backwards advection is repeated n ≡231

(t−t�)/δt times, the required number of iterations to reach (x�, t�), the location and time232

–8–



manuscript submitted to Geophysical Research Letters

of the preceding downdraft on each side of the convergence zone. This procedure essen-233

tially replaces the value of q at the convergence zone boundary by a modified value, which234

would be present if moisture was only advected horizontally and no surface fluxes were235

present during the parcel’s journey towards the convergence zone. In fact, moisture is236

also advected vertically, but vertical velocities contribute little (∼ 2%) of the wind speed237

in the regions that are neither convergence zones nor downdrafts (Figure S2). Our anal-238

ysis hence leaves us with an approximation to the surface flux contribution to the mois-239

ture convergence in the time between formation of CPs and the event they trigger.240

Figure 3a shows the analysis conducted on a case in CTR (same as Figure 1d,e).241

The parcels at the boundaries of the convergence zone follows paths originating in the242

dry centers of the preceding left and right CPs. Like conveyor belts of moisture, the near-243

surface circulation set up by the CPs (Figure 3b) transports boundary layer air into the244

convergence zone, where the convergence deflects it into the vertical. Note that the hor-245

izontal near-surface velocities are directed towards the convergence zone for several kilo-246

meters to each side, maintaining a large ”catchment area” for the convergence zone. This247

leads to a moistening throughout the atmospheric column over the convergence zone dur-248

ing the buildup to the new deep convective event (Figure 3c). Using equation (1) to ap-249

proximate the near-surface accumulated horizontal moisture convergence starting at the250

earliest time that the convergence locus is identified, shows that the moisture converges251

below the LFC at 600m (Figure 3d). Moisture convergence above this level is negative252

despite the increase in total water mixing ratio, implying that moisture is vertically ad-253

vected out of the boundary layer before being detrained into the environment. The to-254

tal near-surface moisture convergence over the duration of the lead-up amounts to 13.9 kgm−2.255

Using instead the values q(x�, t�) in the calculation of near-surface moisture convergence,256

the amount is 13.0 kgm−2. In other words, surface moisture fluxes contribute only ∼6%257

of the total moisture entering the convergence zone in the time between CP formation258

and subsequent event. The partitioning into advective and moisture source contributions259

shows that the circulation set up by the colliding outflow boundaries, that persists for260

hours, acts as moisture conveyor belts on each side of the convergence zone. These ex-261

tend ∼10 km to the sides, corresponding to the radii of the CPs. Over the duration of262

the buildup, the velocities increase, especially in the last hours (Figure 3b). This sug-263

gests that the circulation initiated by the CPs sustains and amplifies itself through con-264

vection in the convergence zone.265

Note that this analysis considers the convergence of moisture during the time be-266

tween the onset of the new event and the CP formation under the right-side preceding267

one, illustrated by the red line in Figure 3a. As can be seen, a moist patch is already present268

at the beginning of this time period, which can explain the discrepancy between the 13.9 kgm−2
269

that enter the convergence zone through advection and the almost four times higher av-270

erage near-surface vertical moisture flux observed at the aggregate convergence loci (Ta-271

ble 1). This highlights how each event can not be considered an independent case, but272

that the continuous ”funneling” of moisture into concentrated patches by generations273

of CP-forming deep convection events predetermines the locations of subsequent ones.274

4 Discussion275

Our results support the view that preconditioning must occur before deep convec-276

tive clouds can form – instability, the presence of high CAPE and low CIN, is insuffi-277

cient. The continuous moistening of the atmospheric column over convergence zones es-278

tablished by CPs provide this preconditioning. Our results resonate in part with mech-279

anisms hypothesized in previous studies. The near environment hypothesis (Böing et al.,280

2012; Schlemmer & Hohenegger, 2014) is by Feng et al. (2015) described as precondi-281

tioning acting through an increased number of shallow clouds that shield deepening clouds282

from the subsaturated environment. These shallow clouds are a result of the dynami-283

cal forcing along collisions fronts, they argue, based on the occurrence of higher verti-284

–9–
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Figure 3. Identifying the contribution from surface moisture fluxes to a deep convection event

in CTR. (a) Near-surface water vapor mixing ratio. Positions of parcels (black dots) in the vicin-

ity of convergence locus (red line) preceding a deep convection event (red x) advected backwards

in time (black lines) to origins in previous downdrafts. Position is relative to the precipitation

event. (b) Time evolution of the horizontal profile of near-surface (50m) horizontal wind. Posi-

tion is relative to the convergence locus. Red patch indicates the area taken as the convergence

zone bounded by the black dots in a. (c) Time evolution of the vertical profile of total water

mixing ratio at the convergence locus. (d) Time evolution of the vertical profile of accumulated

horizontal moisture convergence, where the convergence is approximated according to equation 1.

–10–
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cal velocities over colliding outflow boundaries. However, our results draw focus instead285

to the near-surface circulation set up by the CPs. Rather than the preconditioning aloft286

being controlled by the strength of forced uplift in the expanding phase of the CPs, we287

find that the slow and consistent moisture convergence near the surface establishes long-288

lasting convergence zones, constituting moist patches (Schlemmer & Hohenegger, 2014),289

that in turn moisten the atmosphere above. This resonates better with the second idea290

put forward by Böing et al. (2012), the ”time scale hypothesis”, which suggests that the291

role of the subcloud layer is to establish updrafts lasting long enough to permit cloud292

deepening. As they point out, these loci will be subject to a positive feedback, as once293

deeper clouds form, they will amplify the underneath convergence and further the ad-294

vantage over other locations for deep convection. How the maintenance of the conver-295

gence zone is divided between the original CP circulations and this positive feedback,296

we have not attempted to quantify here, but we interpret the results to clearly show that297

colliding outflow boundaries are necessary to initialize the circulation.298

The type of ”pseudo-2D” geometric setup exploited in this study helps to clarify299

the causality between CPs, moisture convergence, and subsequent deep convection, and300

permits a simple way of tracking it. We assume that our conclusions about the mech-301

anisms at work in this setup also apply to the 3D analogy, where the horizontal dimen-302

sions would be of equal scale. The basic principle that each deep convection event on av-303

erage spawns one new one necessarily holds true in the 3D case as well. This is an in-304

evitable consequence of the fact that we are considering an RCE state, where the num-305

ber of simultaneous events is constant. However, there are a few subtle differences to the306

3D case. As earlier discussed (see Methodology) a 3D domain permits both 2CP and 3CP307

collisions. In the current setup, where CPs are confined to move along only one horizon-308

tal dimension, all collisions are effectively 3CP collisions since the air trapped between309

two CPs is forced to escape vertically. Thus, the dynamical effect of CP collisions could310

be overestimated (Figure S5). However, our findings suggest that the immediate forced311

lifting in the moment when CPs collide is incapable of triggering deep convection and312

that the slower process of funneling moisture into convergence zones dominates in RCE.313

The possible overestimation of the dynamical effect is therefore inconsequential.314

5 Summary and conclusions315

This study aimed to clarify the mechanisms with which CPs organize and initiate316

new deep convection events in RCE. Large-eddy simulations run in an idealized 2D-like317

setup elucidate the causal relationships between CPs, moisture convergence, and deep318

convection triggering: Where outflow boundaries collide, the interaction of the circula-319

tion within each CP establishes narrow convergence zones in the boundary layer that per-320

sist for hours, sustained by ”conveyor belts” of moisture on either side. As moisture from321

a several kilometers wide ”catchment area” is advected into the convergence zone and322

deflected vertically, the atmosphere above moistens gradually. Tracking the loci of con-323

vergence shows that the aggregate convergence locus experiences negligible CIN and large324

CAPE from the start, several hours before deep convection occurs. The near-surface ver-325

tical moisture flux remains positive, ∼ 1−3 g s−1 m−2 depending on the surface bound-326

ary condition, over the whole duration, steadily increasing the water vapor mixing ra-327

tio above the boundary layer.328

This mechanism is illustrated by a closer analysis of a single deep convection event329

and its buildup in the LES. We find that the CPs on either side preceding the event es-330

tablish a circulation where near-surface moisture is funneled into a narrow convergence331

zone from an area ∼10 km to either side. The contribution of surface moisture fluxes dur-332

ing this time to the total moisture that enters the convergence zone is relatively little333

(6%). In the convergence zone, the converging moisture inevitably ascends and leads to334

a moistening of the atmospheric column despite horizontal moisture divergence above335

the boundary layer. This corroborates the evidence found in the aggregate of tracked336
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convergence loci for a gradual preconditioning of the atmosphere over convergence zones337

established by colliding outflow boundaries.338
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S5.1 UCLA LES430

The UCLA LES incorporates an interactive radiative transfer computation (Pincus431

& Stevens, 2009), and a two-moment cloud microphysics parametrization scheme (Seifert432

& Beheng, 2006) to allow for rain re-evaporation. Surface energy fluxes are described433

interactively through Monin-Obukhov similarity theory. The latent and sensible heat fluxes434

entering the atmosphere through the surface thereby vary spatially, increasing at loca-435

tions of larger surface wind speed. The model uses the Arakawa C-grid and is run at a436

200m horizontal resolution with periodic boundary conditions in the horizontal dimen-437

sions. The vertical dimension consists of 75 levels, with a resolution of 100m below 1 km,438

gradually increasing to 400m towards the model top located at 16.5 km. The lower bound-439

ary condition, given by surface temperature and humidity is homogeneous across the flat440

domain. The solar zenith angle is taken as a constant equal to the daily average for trop-441

ical insolation (50.5◦). Subgrid-scale turbulent fluxes are parametrized according to the442

Smagorinsky model (Smagorinsky, 1963). Further technical details can be found in the443

UCLA-LES reference manual (Stevens, 2010).444

The equilibrium values of near-surface temperature and humidity were estimated445

by fitting the exponential Q(t) = Qeq−Q0·exp(−t/t0) to the convergence towards the446

equilibrium state (Figure S1). Here Qeq is the equilibrium value, Q0 the difference Qeq−447

Q(t = ti) where ti is the initial time of the fit, chosen to reduce the impact of spin-up448

oscillations, and t0 the inverse rate of approach to the equilibrium state. The initial con-449

ditions were chosen as in Haerter and Schlemmer (2018), but are irrelevant for the RCE450

state. In this state, the imbalance in energy fluxes entering and leaving the system is small,451

and is not considered to influence the conclusions drawn here.452

S5.2 Diagnosing atmospheric stability453

Stability within each grid cell of the LES is here considered by computing convec-
tive available potential energy (CAPE) and convective inhibition (CIN), defined as

CAPE = g

LNB�

z=LFC

Tvp − Tve

Tve
δz (S1)

CIN = −g

LFC�

z=z0

Tvp − Tve

Tve
δz, (S2)

where g is the acceleration due to gravity, δz the grid spacing in the vertical z-coordinate,
and Tvp and Tve the virtual temperature of the reference parcel and the environment,
respectively. The limits of integration – the level of free convection (LFC) and level of
neutral buoyancy (LNB) – are found by first identifying the lifting condensation level
(LCL), taken as the level where the vapor pressure of the reference parcel at the level
z0, retaining its water vapor mixing ratio throughout ascent, equals the saturation va-
por pressure along the dry adiabat corresponding to the temperature at z0. Above the
LCL, the parcel temperature Tp and water vapor mixing ratio qp is found iteratively by
computing the moist adiabatic lapse rate Γm at every level according to

Γm = g
1 + Lvqp/RTp

cp + L2
vqp�/RT 2

p

, (S3)

where Lv is the latent heat of vaporization, cp the specific heat at constant pressure of454

dry air, R the gas constant for dry air, and � the ratio of the gas constants for dry air455

and for water vapor. The parcel is assumed to be saturated at every level above the LCL.456

The resulting parcel virtual temperature profile, by comparison to the ambient virtual457

temperature profile, yields the grid cell atmospheric stability in terms of CAPE and CIN.458
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S6 Idealized setup459

Haerter et al. (2019) highlights the complexity of interactions between two or three460

CPs (2CP and 3CP collisions) within the three-dimensional atmosphere. In 2CP colli-461

sions, boundary layer air displaced by the outflow boundaries as they collide, can escape462

either vertically or laterally, whereas in 3CP collisions the resulting outflow is confined463

to the vertical dimension. Furthermore, in 3CP collisions, the geometry must be such464

that the air is captured between the colliding outflow boundaries for this to be the case465

(see Figure 3a in Haerter et al. (2019)). Since motion in the channel-like pseudo-2D setup466

is confined in the narrow dimension, all collisions effectively act like the 3CP collisions467

in the three dimensional problem, where air must be forced upward. Vertical velocities,468

and the dynamical effect of CP collisions, can therefore be expected to be overestimated,469

as lateral escape is never possible. Furthermore, the rapid and inevitable collision of ev-470

ery CP with its own opposite edge in the narrow dimension may decrease the speed of471

the outflow boundary in the long dimension, due to turbulent kinetic energy generation.472

Comparing velocities to those in a similar 3D setup shows that horizontal velocities are473

slightly lower (∼11% lower on average, Figure S5) and vertical velocities slightly higher474

in the pseudo-2D setup (Figure S5), in accordance with the above considerations.475
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Figure S1. Mean near-surface (50m) air temperature and water vapor mixing ratio in the

three numerical experiments, overlaid by fitted exponential functions.

Figure S2. The contribution of vertical wind to the total wind in the area plotted in Fig-

ure 3a. The contribution is expressed by the ratio |w|/�
√
v2 + w2� × 100, of the vertical wind

speed |w| to the total velocity averaged over the plotted sub-domain, �
√
v2 + w2�, where v is the

horizontal velocity.

–17–



manuscript submitted to Geophysical Research Letters

Figure S3. Duration of tracked convergence loci in the three numerical experiments (n given

in legend).
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Figure S4. As in Figure 2, but for the full 13.3 h of the aggregate convergence loci.
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Figure S5. Horizontal and vertical velocities in the pseudo-2D setup (CTR) and in a compa-

rable simulation with horizontal dimensions of equal size (3D). Dots and errorbars show the mean

and one standard deviation of the distributions. The 3D simulation is run on the UCLA LES

in a 200 km×200 km domain to RCE. The temporal and spatial resolutions (5min and 400m,

respectively) differ slightly from those used in the 2D setup (10min and 200m). The pseudo-2D

and 3D simulations are otherwise identical.
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