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Abstract Rainfall in the tropics has been shown to be produced either by isolated but intense convective
systems (showers regime) or widespread but weaker systems (rains regime). We examine significant rainfall
systems observed in the OTREC project (Organization of Tropical East Pacific Convection) in order to tease out
the physical mechanisms differentiating these two regimes. We find that rains occur in very moist environments,
typically with weak conditional instability. In contrast, showers develop in drier environments with larger
instability. Spectral weak temperature gradient numerical calculations show that showers are associated with
episodic rainfall separated by significant quiescent periods, whereas rains produce continuous simulated rainfall
after a spinup period. Mass flux profiles of showers and rains are very different, resulting in different effects on
the large scale environment.

Plain Language Summary Rain can occur in intense bursts (showers) or in extended periods of less
intense rainfall (rains). The latter regime often produces more total rain than the former. Using observations
obtained over the tropical east Pacific and the southwest Caribbean, we have isolated the atmospheric conditions
that occur for each of these rainfall regimes. In particular, rains require a very moist atmosphere but can occur
with weak atmospheric instability, whereas showers occur in drier atmospheres but require stronger instability.
Numerical simulations of rainfall systems confirm these results and reproduce the intense bursts of rain in
showers versus the steady but weaker rainfall in rains.

1. Introduction
“…most [monsoon] rain falls in one of these two circumstances: either from (1) deep nimbostratus
with embedded cumulonimbus when vertical wind shear and lower tropospheric convergence both
are large (although rain intensity may fluctuate considerably, skies remain predominantly over-
cast), or (2) scattered towering cumulus or cumulonimbus, when vertical shear and lower tropo-
spheric convergence both are small. I shall assign the term rains to the former and showers to the
latter, realizing of course that sharp demarcation is impossible.”

Thus does Colin Ramage introduce the topic of monsoon rainfall in his book on monsoon meteorology (Ram-
age, 1971) (Referred to hereafter as Ramage). He goes on to note that rains are associated with cloudy, near‐moist‐
adiabatic soundings while showers occur in more unstable environments with clear air.

The distinction between rains and showers has been noted subsequently, though using different terminology.
Williams et al. (1992), working in Northern Australia emphasized a similar bifurcation in convection, associating
rains with active monsoon troughs and showers with monsoon breaks. They further noted that convective
available potential energy (CAPE), surface wet bulb temperature, radar reflectivities, and lightning flash rates
were higher in showers, but that integrated rainfall totals were larger in rains.

The observations of Ramage and Williams et al. (1992) were primarily over land. However the ship‐based
soundings and Doppler radar observations of convection in easterly waves in the tropical East Pacific of
Petersen et al. (2003) show showers west of the wave trough and rains to the east by the criteria of Ramage. Thus
Ramage's categorization of convection in the tropics appears to be valid over the ocean in this case.

Using composited satellite observations, Inoue and Back (2015a, 2015b, 2017), and Masunaga and
L'Ecuyer (2014) inferred that at least some tropical deep convective systems over oceans undergo growing,
mature, and decaying phases, much like that seen in isolated deep convective cells (Byers & Braham, 1948), but
with much longer and somewhat variable time scales. Houze (2004) showed that the life cycle of such systems
scales with the size of the system. These systems begin with bottom‐heavy vertical mass flux profiles and progress
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to top‐heavy, stratiform‐like structure with corresponding changes in the vertically integrated convergence of
moisture and divergence of moist entropy (or moist static energy). System evolution can be plotted as a series of
points on the so‐called gross moist stability (GMS) plane with moisture convergence (or dry static energy
divergence) on the horizontal axis and moist entropy (or moist static energy) divergence on the vertical axis. The
slope of the line passing through the origin and a particular point on this plot is the instantaneous GMS of the
system at that time.

Given the limitations of satellite‐based observations, in situ measurements are needed to answer many questions
about oceanic convective systems. For instance, Houze et al. (2015) indicate that their convective classification
algorithm may mis‐identify some broad regions of shallow convective cells as deep stratiform regions.

The rains‐showers dichotomy is not to be confused with the categorization of convective versus stratiform
precipitation. Stratiform is actually the late phase of showers convection. As we shall see, rains typically lack the
classic deep stratiform stage identified by Houze (1981) and others.

There have been numerous field programs studying tropical oceanic convection, for example, The Line Islands
Experiment (Zipser, 1970), GATE (Houze & Betts, 1981), MONEX (Johnson & Chang, 2007), TOGA COARE
(Webster & Lukas, 1992), EPIC2001 (Raymond et al., 2004), TCS08 (Elsberry & Harr, 2008), PREDICT
(Montgomery et al., 2012), etc. These projects generally carried out case studies on targets of opportunity, and in
so‐doing obtained a great deal of information about the structure and evolution of the targeted systems.

The OTREC project (Organization of Tropical East Pacific Convection; August–September 2019) took a
different approach. Systematic observations were made many times over pre‐specified regions and randomly
selected dates, at the same time each day, capturing snapshots of all convection as well as clear air conditions that
occurred during these observational periods. Thus, an unbiased sample (except for the diurnal cycle) of con-
vection in a particular season was obtained for each of the specified regions, which include the Pacific coastal
region off of Colombia, the far southwest Caribbean, and the Intertropical Convergence Zone southwest of Costa
Rica.

OTREC used the National Science Foundation, National Center for Atmospheric Research (NSF/NCAR)
Gulfstream‐V aircraft to deploy dropsondes with approximate 1° grid spacing. Dropsondes were launched from
near 13 km, encompassing nearly the full depth of most convection in the region. They were then subjected to a
three‐dimensional variational analysis (3DVar) that provided regular grids of wind and thermodynamic data, from
which various analyses were made (Fuchs‐Stone et al., 2020; Raymond & Fuchs‐Stone, 2021a). These analyses
are used in this paper. In addition, the HIAPER Cloud Radar (HCR) (Vivekanandan et al., 2015), a W‐band,
downward‐pointing, Doppler radar was used to document the characteristics of precipitation below the aircraft.

The 3DVar analysis allowed us to measure vertical mass flux (air density times the vertical velocity) on the 1°
scale. This variable measures ascent and descent, with ascent generally strongest in regions of moist convection
and rainfall. Dry vertical motions in the atmosphere tend to be oscillatory and are expected to largely cancel out
with the horizontal averaging implicit in the 3DVar analysis. The relatively small values of vertical mass flux seen
in regions away from convection support this hypothesis. The 3DVar analysis also allowed us to compute the
distribution of vertically integrated moisture convergence and moist entropy divergence, and hence a snapshot of
the GMS associated with observed convective systems.

Fuchs‐Stone et al. (2020) found that vertical mass flux profiles in regions of actively growing or mature con-
vection tended mostly to be bottom‐heavy, that is, with maximum mass flux in the 2–4 km height range. This is
roughly consistent with other evidence (Back & Bretherton, 2009a, 2009b; Back et al., 2017). However, regions
with decaying convection exhibited typical top‐heavy stratiform rain profiles, that is, with upward motion in the
upper troposphere and descent in the lower troposphere (Byers & Braham, 1948; Houze, 1981, 1997; Mapes &
Houze, 1993, 1995; Zipser, 1969). Raymond and Fuchs‐Stone (2021a) further found that the integrated moisture
convergence, and hence precipitation, attained peak values for large environmental saturation fraction, a kind of
column relative humidity, and small instability index, a measure of low to mid‐tropospheric moist convective
instability. Sentic et al. (2022) showed that inclusion of OTREC dropsondes had a significant effect on ECMWF
model analysis during the development of an East Pacific tropical cyclone.

Raymond and Fuchs‐Stone (2021b) introduced a new convective model that implements the spectral weak
temperature gradient (SWTG) assumption developed by Herman and Raymond (2014) and Wang et al. (2015).
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SWTG is a useful tool for studying tropical convection because it provides a realistic and efficient way of
parameterizing the interaction between convection and the surrounding tropical environment. In particular, it
assumes that the gravity waves emitted laterally in the adjustment toward horizontally homogeneous air density
can be decomposed by vertical wavenumber, with the horizontal group velocity of each mode (equal to the phase
speed for no rotation) set equal to that predicted by linear, hydrostatic dynamics. The sum of these gravity waves
implies a mean vertical velocity in the convective region, called the weak temperature gradient vertical velocity.
Mass continuity with this vertical flow further implies entrainment and detrainment of air to and from the sur-
rounding environment.

Wang et al. (2015) developed a similar model, but with gravity wave vertical mode structure that takes into
account the vertical structure of static stability rather than assuming constant stability with height. For the sake of
simplicity, we retain the constant stability assumption. Raymond and Fuchs‐Stone (2021b) found that the
strongest modeled convection occurred in the OTREC region for the largest values of the saturation fraction, in
agreement with observations.

In this paper we show that SWTG modeling successfully reproduces the vertical mass flux profiles for a large
fraction of observed convective cases in OTREC. We then use the results of this modeling along with obser-
vations to see whether Ramage's rains‐showers paradigm applies in the OTREC region and to determine how the
Masunaga‐Inoue‐Back picture of convective life cycle works in this region. Since observations obtain only
snapshots, we use the SWTG model to understand convective life cycles in the different cases. SWTG modeling
in fact does appear to provide useful insight into time‐dependent behavior of OTREC convection. From this we
infer that pulsating or oscillatory behavior occurs in only some of the observed convective systems. In particular,
we find that this behavior is strongest in Ramage's showers regime, whereas convection in the rains regime has a
smaller tendency to oscillate. Pulsed convection tends to occur in simulations for drier initial soundings with
greater moist convective instability and high elevations of maximum moist adiabatically lifted parcel buoyancy,
whereas steady simulated convection is favored by moister, more stable soundings.

The combination of observations and SWTG numerical modeling shows that Ramage's categorization of tropical
precipitation into showers and rains reveals a fundamental bifurcation in the dynamics of mesoscale convective
systems dependent on differences in the convective environment. In particular, large instability and low humidity
produce short‐lived but intense showers, while smaller instability and higher humidity produce weaker but long‐
lasting rainfall. The former are characterized by rapid evolution from strong convective cells to stratiform rain,
well characterized by their evolution in the gross most stability plane. The latter produce weaker convective cells
which also form and decay, but do not result in the formation of strong cold pools and deep stratiform systems.
Little evolution in the GMS plane is seen and rains systems tend to be associated with nearly zero GMS. Mass flux
profiles of showers tend to evolve from bottom heavy to top heavy while rains typically maintain bottom heavy
profiles through their life cycles. Thus, showers and rains have very different effects on the large scale flows in
which they are embedded.

Section 2 describes how convective systems are selected for study and compiles their characteristics. The
configuration of the SWTG model is also presented. Section 3 presents the results of simulations of the selected
systems and compares them with observations. Section 4 summarizes the evidence linking pulsed and steady
convection in the simulations to Ramage's showers and rains regimes respectively, and demonstrates how the
characteristics of initial soundings determine which regime occurs. Section 5 presents the conclusions.

2. Methods
2.1. OTREC Data Set

We begin by defining thermodynamic parameters that are used in this paper. Raymond et al. (2003) introduced the
deep convective inhibition (DCIN)

DCIN = s∗
th − sbl (1)

where sbl is the average moist entropy in the lowest kilometer and s∗
th is the saturated moist entropy at a threshold

level, defined here as the average value over 1.5–2 km elevation (The moist entropy is related closely to the
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equivalent potential temperature. See the appendix in Raymond and Fuchs‐Stone (2021b) for a formal
definition.).

Ramage recognized tropospheric relative humidity as an important governing factor for convection, a conclusion
reinforced by the results of Bretherton et al. (2004), Fuchs and Raymond (2002), Gjorgjievska and Ray-
mond (2014), Raymond and Fuchs (2007), Sherwood (1999), and Sobel et al. (2004) and many others. The
saturation fraction (denoted column relative humidity by Bretherton et al. (2004)) is an integrated measure of
tropospheric relative humidity and is defined

SF = ∫ rdp
/

∫ r∗dp (2)

Table 1
Location, Time, Environmental and System Characteristics, and Stage of Development of Selected Convective Systems

Date Time Lon Lat SST II SF DCIN CAPE ZMAX Sm Se Stage

0807‐1 58.0 −88.5 8.5 28.0 18.2 0.85 14.8 335 −1,605 −77 d

0811‐1 50.9 −78.0 5.0 26.8 21.8 0.84 −15.2 1,490 811 −229 d

0811‐2 52.8 −80.0 6.0 26.9 24.9 0.86 −2.7 1,530 8 357 366 m

0812‐1 56.2 −86.5 7.8 27.7 13.3 0.81 −1.5 1,061 8 1,614 −336 g

0812‐2 57.7 −87.5 8.0 28.2 11.6 0.79 2.3 685 8 1,470 −176 g

0816‐1 54.0 −78.5 6.3 26.9 3.8 0.91 −2.9 294 4 3,574 744 m

0816‐2 63.3 −82.0 10.5 28.8 21.0 0.83 1.7 701 5 2,409 208 g

0822‐1 64.9 −81.0 11.0 28.7 28.3 0.71 −4.7 2,432 8 2,121 −5 m

0823‐1 52.0 −88.5 4.5 27.4 9.7 0.79 −0.7 1,036 10 1,424 −444 g

0825‐1 56.1 −79.0 7.0 27.1 34.7 0.78 22.3 626 −1,201 385 d

0903‐1 56.5 −82.0 10.0 28.7 14.2 0.84 −4.0 1,117 4 1,952 102 m

0904‐1 53.9 −89.0 6.0 28.1 10.3 0.87 −4.5 801 5 4,253 −352 g

0909‐1 68.0 −78.5 5.5 27.2 23.4 0.83 −4.6 1,600 7 1,103 −340 g/d

0917‐1 60.5 −79.5 5.8 26.8 10.2 0.89 −6.7 829 4 4,275 159 m

0921‐1 58.0 −87.0 8.5 28.2 7.9 0.89 −13.2 1,386 4 4,138 −225 g

0921‐2 63.6 −89.0 11.0 28.9 18.9 0.82 6.1 641 −188 507 d

0922‐1 52.4 −79.5 6.5 27.3 18.8 0.90 −4.3 1,214 5 1,364 −254 m

0924‐1 59.4 −87.5 9.5 28.3 35.5 0.79 9.1 1,381 −982 715 d

0925‐1 49.5 −80.2 7.0 27.7 16.8 0.90 −9.5 1,327 5 6,389 −658 g

0927‐1 51.2 −86.0 4.8 26.1 5.1 0.88 −1.1 417 8 2,436 −395 g

0927‐2 61.5 −87.5 10.8 28.9 11.8 0.85 −9.3 1,108 7 4,627 −104 g

0928‐1 58.6 −87.0 5.5 26.3 9.2 0.85 0.9 404 5 2,317 162 m

0928‐2 64.2 −87.0 9.2 28.8 20.4 0.86 6.4 707 −165 569 d

0928‐3 67.1 −87.5 11.0 29.0 10.5 0.89 2.2 377 4 3,478 823 m

0930‐2 49.0 −88.0 4.0 26.6 18.1 0.82 −10.0 1,345 7 4,977 −395 m

1001‐1 58.1 −87.7 8.0 27.3 10.5 0.81 −6.4 1,085 4 2,095 136 m

1002‐1 56.2 −88.0 11.0 28.6 20.5 0.81 4.6 769 −93 115 d

Note. Date has the format (mmdd‐case). Units are (ks UTC) for time, degrees for longitude and latitude, degrees Celsius for
sea surface temperature SST, (J/K/kg) for instability index II and deep convective inhibition DCIN, (J/kg) for convective
available potential energy CAPE, and (km) for the level of maximum lifted parcel buoyancy ZMAX. SF is dimensionless
while Sm and Se have units of (W/m2). The letter “g” for Stage indicates “growing,” “m” indicates “mature,” and “d” in-
dicates “decaying.” The Case 0909‐1 was a decaying system with convective redevelopment underneath. Decaying cases are
omitted for ZMAX.
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where r and r* are respectively the mixing ratio and the saturation mixing
ratio, integrated in pressure over the troposphere.

The instability index

II = s∗
lo − s∗

hi (3)

is a measure of low to mid‐tropospheric moist convective instability. The
quantities s∗

lo and s∗
hi are respectively the saturated moist entropy averaged

over 1–3 km and 5–7 km.

We approximate the CAPE by the equation

CAPE = ∫[s∗
env(z) − sbl]

∂T
∂z

dz (4)

where the integral extends through the troposphere and the integrand is set to zero where it is negative. The
quantity s∗

env(z) is the environmental profile of saturated moist entropy and sbl is the mean moist entropy in the
lowest kilometer as in Equation 1. Another parameter characterizing the sounding is the level of maximum
buoyancy of a lifted parcel, defined as the level of minimum saturated moist entropy, ZMAX.

A measure of the degree of top‐heaviness or bottom‐heaviness of the vertical mass flux profile is given by the
equation

MFDIF = Mhi − Mlo (5)

where Mhi and Mlo are respectively the mean mass fluxes in the intervals [7,9] km and [3,5] km.

Two additional variables of considerable importance were derived from the 3DVar analysis, the vertically in-
tegrated moisture convergence

Sm = −L ∫ ∇h ⋅ (vhr)ρdz (6)

and the vertically integrated moist entropy divergence

Se = TR ∫ ∇h ⋅ (vhs)ρdz (7)

where vh is the horizontal wind, r is the mixing ratio, s is the specific moist
entropy, and ρ is the density. The moisture convergence and entropy diver-
gence are respectively multiplied by normalization factors L = 2.5 × 106 J/kg
and TR = 273.15 K to convert them to units of watts per square meter. The
normalized GMS (Raymond et al., 2009) is given by

NGMS = Se/Sm. (8)

We now describe how convection was analyzed in the OTREC data set.
Infrared (IR) satellite loops with 2 km resolution were used to pick out the
longitude and latitude of all significant convective events that were covered
by Gulfstream‐V dropsonde observations. These largely coincide with those
found by Fuchs‐Stone et al. (2020), though on occasion multiple events were
selected in a single mission as warranted, which added to the list of candidate
events. Table 1 shows the date, time, location, and parameter values taken
from the 3DVar analysis at the specified longitude and latitude.

Figure 1. Entropy divergence calculated for growing (red dots) and mature
(blue dots) convective systems as listed in Table 1.

Figure 2. Schematic of spectral weak temperature gradient model domains.
Conditions in the convective box control the convection while the
convection itself and flows to and from the reference region control the
convective box.
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Based on the satellite loops, these events were classified into growing, mature, and decaying cases. The presence
of expanding areas of highly time‐dependent active cells indicated growing systems, while their absence and
generally increasing IR brightness temperatures indicated decay. Transitions between these two regimes indicated
mature systems. The development stages of the selected convective systems are listed in Table 1.

Table 2
Simulation Characteristics for Growing and Mature Cases

Date Stage Steady/Pulsed Quality Comment

0811‐2 m Single Poor Convection only in single pulse

0812‐1 g Pulsed Fair Best match in early transient

0812‐2 g Pulsed Fair Best match in early transient

0816‐1 m Steady Good

0816‐2 g Steady Poor

0822‐1 m Single Poor Convection only after initialization

0823‐1 g Pulsed Good Best match in early transient

0903‐1 m Steady Good

0904‐1 g Steady Good Best match in early transient

0909‐1 g/d Pulsed Good Matches in lower troposphere

0917‐1 m Steady Good

0921‐1 g Steady Good Best match in early transient

0922‐1 m Steady Poor

0925‐1 g Steady Good Best match in early transient

0927‐1 g Steady Good Best match in early transient

0927‐2 g Steady Fair Best match in early transient

0928‐1 m Steady Good

0928‐3 m Steady Good

0930‐2 m Pulsed Poor Atypical dynamic forcing

1001‐1 m Steady Fair

Note. “Date” and “Stage” are as in Table 1. “Steady/pulsed” refers to whether simulated convection was relatively steady or
occurred in discrete pulses. “Quality” refers to the degree to which the simulated mass flux profile agreed with that observed.
“Comment” highlights noteworthy aspects of each case.

Figure 3. Scatter plots in the SF‐ZMAX and SF‐II planes of the 18 growing and mature convective cases that showed either
steady convection (blue squares) or repeated convective pulsations (red triangles).
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Though this classification system is somewhat subjective, the observa-
tional results from the 3DVar analyses were generally in agreement with
the satellite‐derived evaluations. In particular, as Figure 1 shows, con-
vection classified as growing was generally found to have negative values
of the entropy divergence Se, whereas entropy divergence tended to be
positive for systems classified as mature. This is as expected in the
discharge‐recharge cycles of convection documented by Inoue and
Back (2015a, 2015b, 2017) and Masunaga and L'Ecuyer (2014) (Note that
these authors used moist static energy rather than moist entropy in their
analyses.).

2.2. SWTG Model

The Goconv model described in Raymond and Fuchs‐Stone (2021b), updated to version 077, was used here. The
physics of this version is the same as in version 071 used in the above paper. A minor addition was made to model
initialization code.

As in Raymond and Fuchs‐Stone (2021b), 120 × 120 × 60 grid cells are used, with a cell size of
334 × 334 × 334 m, yielding a model domain of approximately 40 × 40 × 20 km. The model time step is 0.75 s
and the model is run for 5 × 105 time steps or 3.75 × 105 s (approximately 4.3 days). Fixed radiative cooling of
1 K/day up to 12 km, tapering linearly to zero at 15 km, is used as before. Bulk flux boundary conditions are
applied at the surface.

Figure 2 helps explain the different domains used in the SWTG calculations. The convective box coincides with
the model domain in which explicit calculations are performed, while the thermodynamic conditions in the
reference region represent the surrounding environment and are uniform and fixed by the reference profiles. Air
from the reference region is entrained into the convective region and instantly mixed horizontally through the
convective box in response to the demands of mass continuity and (optionally) from ventilation by the ambient
wind (see discussion below). Corresponding detrainment occurs as well, but is not allowed to modify the
reference profile.

Figure 4. Scatter plot of integrated moisture convergence (Sm) for pulsed
(red) and steady (blue) convective cases. The vertical lines indicate mean
values of moisture convergence for the two cases.

Figure 5. Left panels: Observed and simulated mass flux profiles for two cases, one with pulsed convection (0823‐1) and one
with steady convection (0816‐1). Right panels: Observed vertical profiles of moist entropy and saturated moist entropy for
these two cases.
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Physically, we identify the reference region with the clear air outside of the
region of concentrated convection. The reference profiles are simply the
profiles provided by the 3DVar analysis at the identified location of the
convection. Since this analysis is taken from dropsondes mostly deployed
outside of the convective region (for flight safety reasons), it is more repre-
sentative of the convective environment than of the region of intense con-
vection itself, as desired.

The ventilation option in the SWTG code attempts to emulate the effect of
storm‐relative winds bringing environmental air into close proximity with the
convection. This is in addition to the entrainment and detrainment of air into
and out of the convective domain required by mass continuity with the weak
temperature gradient vertical mass flux. It operates by mixing reference
profile air into the convective box in proportion to the reference profile storm‐
relative wind speed at each level. As used in Raymond and Fuchs‐
Stone (2021b), it was found to cause inordinate suppression of individual
convective cases, unlike the composite cases studied in that paper. This may
be due to the small 40 km model domain size used in the computation of the
ventilation parameter rather than the more physical observed convective
domain, which was typically much larger, where ventilation effects are
weaker. For this reason, the ventilation option is turned off in the present
simulations.

The model output used in this paper is derived from area‐averaged time series
of the raw output. The averaging cancels out the explicit model flows due to
the periodic lateral boundary conditions (with the exception of a small

contribution from sound waves), leaving only the SWTG vertical velocity and the corresponding lateral inflows
and outflows. The model variables of particular interest are the area‐averaged vertical mass flux (equal to the
SWTG vertical velocity times the density) and the area‐averaged and vertically integrated horizontal moisture
convergence (Equation 6) and horizontal moist entropy divergence (Equation 7). These quantities can be

compared directly with the corresponding observed quantities computed from
the 3DVar analyses.

Simulations are initialized with a localized pulse of moist entropy s in the
lower troposphere of the form

δsinit = s0 exp[−r2
/r2

0 − z/z0] (9)

where s0 = 20 J/K/kg, r is the horizontal distance from the center of the
domain, z is the height above the surface, r0 = 2,000 m, and z0 = 1,000 m. In
addition, each entropy field point is perturbed periodically by the addition of a
term of the form δsrandom = Rs1 exp(−z/z0) where R varies randomly over the
range [−1, 1] and s1 = 0.1 J/K/kg. This has the purpose of countering any
tendency of the simulation to settle into a permanent quiescent state, but
otherwise has little effect.

3. Simulation of Growing and Mature Convection
All 20 cases listed as growing or mature convection in Table 1, including
0909‐1 which had both growing and decaying components, are simulated, as
described above. Cases listed as decaying are not considered further in this
paper. Table 2 indicates how successful each simulation was in reproducing
the vertical profile of mass flux seen in the 3DVar analysis for each case, with
a rating of “poor,” “fair” or “good.” Good includes all simulations repro-
ducing the observed structure of convection with simulated mass flux values
within typically 20% of observation and with the simulated mass flux

Figure 6. Plan view of the Intertropical Convergence Zone region of OTREC
showing the pattern of moisture convergence and the track of the
Gulfstream‐V aircraft on 23 August 2019. The thick segment of the track
line shows the location of the HIAPER Cloud Radar radar particle vertical
velocity presented in Figure 8 while the magenta cross indicates the 3DVar
sampling location. The blue dots show lightning flashes observed by the
GOES‐16 Geostationary Lightning Mapper during the interval 13–17 UTC,
the approximate period when the Gulfstream‐V was in the vicinity of region
under consideration.

Figure 7. Satellite infrared image of OTREC region at 1400 UTC on 23
August 2019. The blue square indicates the location of the mass flux profile
and sounding in the 3DVar analysis.
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maximum within 1–2 km of the observed maximum. Out of the 20 cases, 11
were considered good under these criteria. Simulations not making this cut,
but nevertheless having roughly the observed structure and mass flux values
within a factor of 2 of observation were considered “fair.” Four cases fell into
this category. The remaining 5 cases failed both of these criteria and were
rated poor.

After an initial equilibration period, most simulations settled into either nearly
steady convection or into a series of convective pulses separated by long
quiescent periods. Table 2 lists whether each simulation is pulsed or steady.
Simulations rated as steady were more likely to be in good agreement with
observations than those rated as pulsed. In particular, of the 13 steady cases, 9
of the simulations were rated as good, 2 as fair, and 2 as poor, while for the 5
pulsed cases, 2 were good, 2 were fair, and 1 was poor. Thus, the model has
more problems with the dynamic behavior of the pulsed cases than with the
more statistically static behavior in the steady cases.

Whether simulated convection is steady or pulsed should in principle be
determinable from the initial sounding and the sea surface temperature (SST).
Comparison of various variables with the time dependence of convection
shows that only the saturation fraction (57%), the instability index (57%), the
level of maximum parcel buoyancy (41%), and CAPE (45%) are correlated
with this property at the 99% level with the indicated percentage of explained
variance. The DCIN, the shear in the lowest 2 km, and the SST show no cor-
relation with it (≤3%). The CAPE and the instability index are highly corre-
lated with each other for the 20 growing and mature cases but the instability
index shows a somewhat better correlation with pulsation status than does
CAPE. The saturation fraction, instability index, and elevation of maximum
parcel buoyancy together explain 83% of the variance in pulsation status.

Figure 3 shows scatter plots of saturation fraction versus level of maximum
parcel buoyancy and versus instability index for all cases except the two that

produced a single pulse of convection. There is a strong tendency for the steady convective cases to exhibit higher
saturation fraction, lower instability index, and lower elevations of maximum parcel buoyancy than the pulsing
cases.

Figure 4 shows a scatter plot of the moisture convergence of the convective
cases with the pulsed cases in red and the steady cases in blue. The outlying
pulsed case with moisture convergence near 5,000 W/m2 corresponds to Case
0930‐2, which exhibited atypical mechanical forcing due to unusual boundary
layer flow from the north overriding cooler southerly flow near a latitude of
4°, thus violating the weak temperature gradient approximation used in the
simulations. Even including this odd case in the averaging, the average
moisture convergence for the steady cases is significantly greater than that for
the pulsed cases. Since the precipitation and the moisture convergence are
generally the biggest terms in the moisture budget, this confirms that steady
cases produce more precipitation on the average than the pulsed cases.

3.1. Two Case Studies

We now investigate the observations for two limiting cases, a case showing
pulsed behavior in a numerical simulation (0823‐1), and a case which showed
steady behavior (0816‐1). The soundings and mass flux profiles for these two
cases are shown in Figure 5.

Figure 6 shows the track of the Gulfstream‐V aircraft on 23 August 2019 for
the pulsed case (0823‐1), superimposed on a plot of the moisture convergence

Figure 8. HIAPER Cloud Radar (HCR) radar vertical particle velocity
(positive upward) for Case 0823‐1 on 23 August 2019 along the thick yellow
track segment in Figure 6. Details of various features along this track are
shown below the radar plot. The magenta cross marks the location of the
mass flux and sounding plots in Figure 5 for this case. Segment A represents
shallow convection whereas segments B and C show deep convective
regions. Attenuation of the radar beam by overlying hydrometeors is
responsible for much of the missing data below 4 km.

Figure 9. Photograph looking north from the Gulfstream‐V from its location
near (−89°, 4°) at about 1400 UTC.
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derived from the 3DVar analysis of the dropsonde data. The magenta cross
indicates the location of the mass flux profile and sounding shown in Figure 5.

Figure 7 shows a 2 km resolution IR satellite image for the OTREC study area
at 1400 UTC on 23 August 2019 for the pulsed case. The blue square indicates
the location of the sounding and mass flux derived from the 3DVar analysis
for this case. At that time this region exhibited only shallow convection, as the
satellite image indicates. However, isolated deep convective cells near (−87°,
5°) in Figure 7 are producing lightning, as seen in Figure 6.

Figure 8 shows the HCR radar vertical velocity along the thick yellow track
shown in Figure 6. Three segments of interest are located by the track detail in
the lower panel. Two deep convection segments B and C show precipitation
in the isolated deep convective cells noted above. The radar data are useful for
distinguishing graupel from ice crystal aggregates above the freezing level
near 4.5 km; the aggregates show a distinct increase in fall speed at the
freezing level as they rapidly melt, whereas the graupel does not. Examination
of Figure 8 shows no signs of a velocity discontinuity at the freezing level,
indicating that most precipitation above the freezing level was in the form of
graupel. Note that the shallow convection in segment A returned a significant
radar echo, indicating that it was producing precipitation.

The photograph in Figure 9 shows both the deep convection near (−89°, 6°) and the shallow convection nearer the
aircraft. The latter is likely associated with the region of moisture convergence seen in Figure 6 and the shallow
mass flux profile seen in the upper panel of Figure 5.

We now present analogous results for the steady case (0816‐1). Figure 10 shows a plan view of the aircraft track
and moisture convergence pattern for this case on 16 August 2019. The sounding and mass flux profile are located
in a region of strong moisture convergence. Unlike the 0823‐1 case, no lightning for the entire flight interval of the
Gulfstream‐V was found near the observed convection.

Figure 11 shows the IR satellite image for the steady case. A bottom‐heavy mass flux profile as seen in the lower
panel of Figure 5 exists throughout the region of strong moisture convergence and largely coincides with the large

but unspectacular convective cluster seen off of the Pacific coast of Colombia
in Figure 11.

The HCR particle vertical velocity pattern for 0816‐1 is shown in Figure 12.
Unlike the 0823‐1 case, ice crystal aggregates are mostly seen above the
freezing level. With the exception of a region toward the right end of the plot,
which is near the east end of the convective system according to Figures 10 and
11, the predominance of aggregates is indicated by the strong jump in particle
velocity near the freezing level at approximately 4.5 km. However, unlike
many cases where this pattern indicates a stratiform rain situation, the mass
flux profiles uniformly exhibit bottom‐heavy convection in this region, as
shown in Figure 5 for this case. As the aircraft passed directly over the heart of
this convective system, it is unlikely that extensive regions of graupel for-
mation existed, aside from that seen at its east end. Thus, the system appeared
to consist mostly of deep but bottom‐heavy convection that produced pre-
cipitation above the freezing level mainly in the form of ice crystal aggregates.

3.2. SWTG Simulations of the Two Cases

We now illustrate the difference between pulsed and steady convective sys-
tems in SWTG simulations of the two limiting cases. Figure 13 shows the
simulated vertical mass flux as a function of time and height for the two cases.
The pulsed case exhibits convective pulses at intervals of slightly greater than
one day, which start with gradually intensifying shallow convection followed
by a short but intense period of deep convection that decays rapidly. In

Figure 10. As in Figure 6 except for Colombian coast/Southwest Caribbean
on 16 August 2019. The corresponding radar plot is shown in Figure 12. In
this case, all lightning in the interval 12–19 UTC is shown.

Figure 11. As in Figure 7 except for 1500 UTC on 16 August 2019. The blue
square locates the 3DVar sounding and mass flux profile.
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contrast, the steady case intensified monotonically and then undergoes only
small oscillations.

Figure 5 shows observed and simulated mass flux profiles and thermody-
namic soundings at times indicated in Figure 13 for these two cases. Note that
the simulated mass flux displayed for the pulsed case is taken from the
growing phase of the initial pulse as indicated in Figure 13. The simulated
mass flux for the steady case is a time average starting when the simulation
reaches a steady state.

Though surface thermodynamic conditions for the above two cases are
similar, the thermodynamic profiles of the two cases differ dramatically aloft.
In particular, the mid‐level humidity is much lower for the pulsed case, as
evidenced by the large separation between the moist and saturated moist
entropies, and the instability index is larger (see Table 1). The minimum in
saturated moist entropy is also at a much higher elevation for the pulsed case,
indicating that the level of maximum parcel buoyancy is higher.

Many observed convective systems in the tropical regions undergo time
evolution characterized by a cycle in the GMS plane of Inoue and

Back (2017); see also Inoue and Back (2015a, 2015b), Masunaga and L'Ecuyer (2014). In this plane the moisture
convergence (or dry static stability divergence) is plotted against the moist static stability (or moist entropy)
divergence. In the growing phase of the system the moist entropy divergence tends to be negative with increasing,
positive moisture convergence. The entropy divergence then becomes positive, followed thereafter by peak and
then decreasing moisture convergence.

Figure 12. As in Figure 8 except for Case 0816‐1 on 16 August 2019. The
Gulfstream‐V track segment for this figure is shown in Figure 10.

Figure 13. Shaded plots of computed vertical mass flux as a function of time and height (units: kg/m2/s) for cases 0823‐1 and
0816‐1. The vertical yellow bars show the times for the corresponding mass flux profiles shown in Figure 5. For 0816‐1, the
averaging period for the plotted mass flux is shown.
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The simulated convection of all cases listed in Table 2 as pulsed undergo
oscillations in the GMS plane as described above. However, those listed as
steady do not. Figure 14 shows the time evolution of 0816‐1 and 0823‐1 for
the full 375 ks integration time in the GMS plane. The pulsed case shows
multiple cycles exhibiting the above‐described evolution in the GMS plane
whereas the steady case reaches a near‐steady state with only small
oscillations.

Both cases shown in Figure 14 begin with negative values of moist entropy
divergence (and hence negative GMS) and transition to positive values.
However, the excursions of moist entropy divergence are much smaller in the
steady convection case than in the pulsed case.

4. Discussion
Our analysis of 20 growing and mature convective regions shows a spectrum
of convective characteristics from cases with lower column humidity, higher
instability, graupel above the freezing level, and pulsing behavior in SWTG
simulations, versus those with higher humidity, lower instability, aggregates,

Figure 14. Evolution of the pulsed Case 0823‐1 (red triangles) and the steady
Case 0816‐1 (blue squares) in the gross moist stability plane. Smoothing
with a 3,000 s smoothing length was used to reduce noise. The time between
triangles is 2,250 and 9,000 s for squares.

Figure 15. Time series of rainfall rate (estimated from the moisture convergence), saturation fraction, deep convective
inhibition (DCIN), instability index, difference between the mass fluxes in the 7–9 km and 3–5 km layers (MFDIF), and the
entropy divergence (solid lines) and moisture convergence (dashed lines) for the showers (0823‐1; red) and rains (0816‐1;
blue) cases. A smoothing filter with a smoothing length of 3,000 s is applied. The magenta, brown, and cyan vertical lines in
the instability index and DCIN plots indicate the times of sounding plots for the showers case in Figure 16.
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and steady behavior in simulations. We identify the former as belonging to
Ramage's showers regime and the latter belonging to the rains regime. As
Ramage notes, a continuous spectrum from one regime to the other exists.
However, to emphasize the differences between the two regimes, two extreme
cases were chosen for analysis in the previous section, exemplifying the
showers and rains regimes respectively. We now attempt to understand why
this divergent behavior between the two regimes occurs.

Figure 15 presents time series plots that summarize the differences between
the simulations of the showers (0823‐1; red) and rains (0816‐1; blue) cases.
The definitions of the parameters are given in Section 2.1.

The sequence of events leading to the suppression of convection at the end of a
pulse in the showers case is somewhat complex. The magenta, brown, and cyan
vertical lines in the instability index and DCIN plots in Figure 15 indicate the
times of the 3 thermodynamic soundings shown in Figure 16. The magenta
sounding represents conditions at the beginning of the second pulse shown in
Figure 15. This sounding is favorable to convection, with a level of free con-
vection (LFC) of about 1,500 m, and with precipitation beginning at this time.
Both the instability index and the DCIN reach their minimum values then.

The brown sounding is taken just before the maximum in precipitation and just
after the maxima in instability index and DCIN. The increase in moist entropy

between 1,000 and 5,000 m in this sounding is likely the result of detrainment of moist air by the initial surge of
shallow, bottom‐heavy convection. This layer of air is very unstable and likely the origin of large, ascending
thermals that form the subsequent burst of deep, top‐heavy convection. However, the associated development of a
strong inversion starting near 1,000 m in the brown sounding increases the LFC of surface air to 2,700 m and cuts
off these thermals from boundary layer air at that point. This is reflected in the large positive value of DCIN.

The ascent of the above thermals ultimately results in the cyan sounding, which resembles the original magenta
sounding with the exception that a cold pool has formed below 2,000 m from descending, evaporatively cooled
air, causing the LFC to rise to 3,500 m. The recovery of the boundary layer by surface heat and moisture fluxes
ultimately returns the atmosphere to an unstable state, at which point subsequent convection is formed. The above
cycle appears to be responsible for the pulsating nature of the convection in the simulation and is illustrated by the
evolution in the GMS plane of the pulsed case in Figure 14.

The rains case appears to avoid this mechanism by virtue of a sounding (see Figure 5) with high saturation
fraction, low DCIN, and low instability index. The low value of DCIN facilitates the development of deep
convective updrafts directly from the boundary layer, without the complex mechanisms acting in the showers
case. Furthermore, the high humidity and the low instability index together result in downdrafts with less negative
buoyancy than in the showers case, weakening the flow of low moist entropy air into the boundary layer and the

corresponding formation of a cold pool. Finally, the low elevation of the
minimum in saturated moist entropy in the sounding (4 km as opposed to
10 km for the showers case) results in deceleration of ascending air above the
4 km level which likely reduces the tendency of compensating subsidence to
form a strong inversion at low levels. The result of attenuation of mechanisms
acting to suppress follow‐on convection in the showers case allows convec-
tion to develop more or less continuously in the rains case. Though peak
values of rainfall rate are greater in the showers case, the time‐averaged
rainfall in the rains case is actually three times that occurring in the
showers case.

Figure 17 shows the initial sounding derived from the 3DVar analysis and the
mean sounding for the steady phase of the rains case starting at 150,000 s. The
mean sounding is somewhat warmer and more moist with less convective
inhibition than the initial sounding. However, overall the mean sounding is
not so different in character from the initial sounding.

Figure 16. Soundings for the showers case showing the moist entropy
(dashed curve of each color) and the saturated moist entropy (solid curve) at
three different times, indicated by the vertical lines of the corresponding
colors in the instability index and deep convective inhibition plots of
Figure 15. The thick vertical lines in this plot show the moist entropies of
parcels lifted moist adiabatically from the lowest kilometer. The
intersections with the corresponding saturated moist entropy sounding
curves indicate the levels of free convection for the three soundings.

Figure 17. As in Figure 16 except for initial (magenta) and time‐mean
(brown) soundings for the rains case.
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In both cases the evolution of convection begins with the gradual increase in
the intensity of a region of convection with bottom‐heavy mass fluxes. In the
showers case this is followed by the eruption of a large thermal that forms
from the moistened air in the lowest 3–4 km provided by the bottom‐heavy
convection. In the rains case the development of such strong transient ther-
mals is thwarted by the factors discussed above, namely the high saturation
fraction, the low value of instability index (and correspondingly, CAPE), and
the low elevation of maximum parcel buoyancy.

5. Conclusions
Table 3 summarizes the characteristics of the showers and rains cases perti-
nent to Ramage (1971) and Williams et al. (1992). In particular, the condi-
tional instability is much greater in the showers case than in the rains case
whereas the humidity is significantly less. The showers case exhibited
lightning while the rains case did not. The mean rainfall rate and vertical mass
flux were greater in the rains case, while both the DCIN and the elevation of
maximum parcel buoyancy were both greater in the showers case. All of
Ramage's and Williams et al.'s distinguishing conditions between rains and
showers except that of vertical wind shear are satisfied. The difference in the

wind profiles was not particularly large. We therefore propose that Ramage's rains regime is produced by en-
vironments exhibiting the characteristics associated with steady convection in our model simulations, whereas the
showers regime occurs when these conditions are violated.

The two cases discussed in detail here are clearly limiting cases and as Ramage indicated, there exists a distri-
bution in characteristics between these limits. However, the clear separation of the 18 cases in Figure 3 indicates
that the categorization suggested by our two limiting studies appears to be generally useful. It highlights a
qualitative change in the characteristics of convection as the environment becomes more moist and more stable. In
particular, convective mass fluxes become more bottom‐heavy, mean rainfall rate increases even as maximum
rainfall rates decrease, and the stratiform‐cold pool phase of showery convection decreases or disappears. These
changes result in major changes in the feedback of convection on the atmosphere as well.

Data Availability Statement
The 3DVar analyses used in this paper are available at Raymond (2021b). This analysis utilized our Candis data
analysis software, which is archived at Raymond (2021a). Two kilometer GOES‐16 infrared satellite images for
OTREC are archived at NCAR‐EOL (2019b). HCR radar data may be obtained atr data NCAR‐EOL (2019a).
GOES‐16 Geostationary Lightning Mapper data are available at NOAA (2023). Source code and documentation
for version 077 of the Goconv cloud model may be found at Raymond (2023a) and model output for this paper
resides at Raymond (2023b). Documentation on the construction of figures appears at Raymond (2023c).
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