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RESUMEN

El 21 dejulio de 2001 variastormentas severas se desarrollaron en las horas de latarde sobre laregion este de
Cubay se observo granizo. Unasimulacion numéricafuerealizadaparaestudiar laestructuray evolucion de
la conveccion en ese dia con laayudadel sondeo de las 1800 UTC. Ademés, otras tres simulaciones fueron
realizadas paraestudiar el efecto del perfil vertical del viento en laseveridad de las tormentas simuladas. El
modelo ARPS (Advanced Regional Prediction System) fue usado en este estudio numérico. Lasimulacion
mostré que latormentainicial se dividiod posteriormente en dos nuevas tormentas que se movieron haciala
derecha e izquierda de la direccion del viento medio. La tormenta de la derecha (TD) acanzd un mayor
desarrollo queladelaizquierda(Tl). Seobservd granizo en casi todo el tiempo delasimulacién pero lamayor
cantidad de granizo ocurrié en TD después de la division. Dos mecanismos fueron responsables de la
inhibicién de TI. Primero, un gradiente de presion en la vertical que actué en contra del desarrollo de la
corriente ascendente. Segundo, €l adentramiento de aire masfrio y seco en la corriente ascendente de Tl en
los niveles medios proveniente directamente de la corriente descendente. Lacizalladuradel viento por encima
delos 10 kmfuefavorable paraunamayor produccién, intensidad y maximosval oresde granizo en superficie
y una mayor érea de precipitacion. Cuando la cizalladura vertical del viento por debajo de los 7 km fue
removida, €l volumen total de precipitacion, laintensidad, losméaximosvaloresdel viento en superficiey enla
corriente ascendente fueron mayores que en las otras simulaciones. Tl no fue inhibida en este caso y ambas
tormentas alcanzaron el mismo desarrollo. Los mecanismos queinhibieron el desarrollo de Tl no se presenta-
ron en esta simulacion.
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ABSTRACT

On 21 July 2001 several severe storms devel oped over the eastern region of Cubain the afternoon hours and
hail was observed. A numerical simulation was performed to study the structure and evolution of convection
on that day with the aid of the 1800 UTC sounding. Furthermore, three more simulations were performed to
study the effect of the vertical wind profile on the severity of the ssmulated storms. The Advanced Regional
Prediction System model (ARPS) was used for this numerical study. Aninitial storm that later split into two
new storms that moved to the right and to the | eft of the mean wind was simulated. The right-moving storm
(RS) developed morethan theleft-moving one (L S). Hail was observed in most of the simulation time but the
largest amount of hail reached the surface after the splitting in the RS. Two mechanismswere responsiblefor
theinhibition of the LS. First, avertical pressure gradient that acted against the main updraft devel opment.
Second, the entrainment of drier and colder air in the LS s updraft at midlevels that came directly from the
downdraft region. The wind shear above 10 km was favorable for a larger hail production, intensity and
maximum values at the surface and alarger precipitation area. When thewind shear below 7 kmwas removed,
thetotal volumeof precipitation, theintensity of precipitation, maximum horizontal wind and maximum updraft
were the largest compared to the other simulations. The LS was not inhibited in this case and both storms
reached the same strength. The mechanismsthat inhibited the devel opment of the L Swere not present in this
simulation.

K eywor ds: Storm splitting, numerical simulation, mesoscal e meteorol ogy.

1. Introduction

Many numerical studieshaveinvestigated the combined or individua influence of the vertical wind
shear and the bouyancy on the structure and development of convective storms (Klemp and
Wilhelmson, 19783, b; Wilhelmson and Klemp, 1978; Schlesinger, 1980; Fovell and Ogura, 1989;
McCaul and Weisman, 2001) and resulted in a better understanding on this matter.

In the afternoon hours of 21 July 2001, several severe storms developed over the eastern region
of Cuba, where hail was observed. Hailstorms are severe and uncommon in Cuba, and deserve
investigation. In order to study the structure and evolution of the convection that developed that
day, a numerical simulation was performed. One of the goals is to explore whether a hailstorm
could be simulated with aninitially homogeneous environment as condition. The 1800 UTC sounding
taken at the meteorol ogical surface station of Camaguey (located in that region) was used to define
theinitial basic state.

Based on thewind profile of the observed sounding, aset of three more simulationswas designed
to study the influence of the wind profile on the severity of the simulated storms. The severity was
studied in terms of the ability of the stormsto produce large amount of rain, hail and strong winds.
The Advanced Regional Prediction System (ARPS) was used in this study.

2. Meteorological situation of 21 July 2001

The meteorological situation on that day was characterized by the influence of a weak high
pressure with surface winds from the southwest. The maximum temperature was 34.9° C and
theminimum 19.4 °C, asmeasured at Nuevitas (Camagiey), atown where ahailstorm was reported.
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The 1800 UTC sounding from the Camagey station (21° 25" N, 77° 10" W) (Fig. 1a) exhibitsa
deep moist layer, awell-mixed sub-cloud layer and high convective avail able potential temperature
(CAPE), of 3351 Jkg. Thelow level windisrelatively weak, with variable direction from W-SW at
low levels, but turning preferentially clockwise up to 10 km, at the base of ajet from the NE that
extendsto 16 km (Fig. 1b). The wind profile presentsthree different layersin the troposphere: a
low level shear layer from the surface to 7 km, a higher level shear layer with wind speeds
increasing with height from 7 to 14 km, and alayer with wind speed decreasing with height from
14 to 16 km.
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Fig. 1. d) 1800 GMT sounding of 21 July 2001, measured at the meteorol ogical surface
station of Camagiiey. b) Representation of the hodograph measured at that hour.

3. Model description and initialization

The numerical model ARPS (Version 4.5.1, inits 3-dimensional configuration), anon-hydrostatic
and compressible model valid for scalesranging from afew metersto hundreds of kilometers, was
used (Xueet al., 1995). ARPS has been tested and widely used in numerical studies (Xu et al., 1996;
Fovell and Tan, 1998; Xueet al., 2001). Detailed information can befound in Xueet al. (2000, 2001,
and 2003).

A second order momentum advection was used aswell asasub-grid turbulence parameterization
of order 1.5, which involvesthe solution of an additional forecast equation for the turbulent kinetic
energy. The microphysics parameterization scheme of Lin et al. (1983) for solid and mixed phase
processes was selected. The effects of orography, land-use and radiation were not included in
order to simplify themodel configuration.
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The lateral boundary condition proposed by Klemp and Wilhelmson (1978a) was used. In this
study, theinitial perturbation bubblewas|ocated inthe center of the domain to diminish theinteraction
with the lateral boundaries. For the top of the domain and the underlying surface, the rigid wall
condition was assumed.

A set of four numerical experimentswas conducted. Thefirst simulation, called Sim1 hereafter,
wasinitialized with the 1800 UTC sounding taken at Camaguiey station (21° 25" N and 77° 10" W)
and represents the smulation of the real storm. The rest of the simulations were designed by
varying thewind profileinthe original soundingin order to investigate the effects of thewind profile
on the severity of the simulated storms.

Thesecond simulation (Sim2) wasinitialized with asounding where thewind above 10 km was
made constant and equal to thewind speed at 10 kmto eliminate the effects of the strong northeastern
winds above that height. In the third smulation (Sim3), the wind was made constant from 7 km
upward to eliminate the strong unidirectional shear associated with the large variations in wind
direction and strength between 7 and 10 km in the original sounding. Note that despite the original
wind shear istill unidirectional between 10 and 12 km, windsare stronger and variationsin direction
aresmaller than at lower levels. Lastly, thefourth simulation (Sim4) wasinitialized with asounding
that presents constant u and v components of the wind with height (no shear). This allows us to
assess how the storm would develop without any vertical shear. The u and v components of the
wind profilefor all simulations can be seenin Figure 2.
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Fig. 2. Wind profiles used in the simulations: a) U-component of thewind b) V-component of thewind.

A 90 x 96 km grid was used with a horizontal resolution of 1 km. Inthe vertical, 40 levelswith
aconstant resolution of 0.5 km were chosen. The center of the domain waslocated at nearly 45 km
past the Camaguiey sounding station, at 21° 35" N and 77° 33" W near the place where the storms
developed. The simulation wasrun for 3 hours, atime step of 6 swas used and output results every
60 s were saved.
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To initiate convection, a warm perturbation was used. This method may not be rigorous to
simulatetheinitiation of convection but duetoitssimplicity it hasbeen widdly usedinthree-dimensional
numerical simulations of thunderstorms structure (Klemp and Wilhelmson 1978a, b; Weisman and
Klemp, 1984; Rotuno and Klemp 1985; M cCaul and Weisman 2001) with satisfactory results. The
perturbation was centered at x = 50 km, y = 37 km from the origin of the domain and z= 1.5 km,
with radial dimensions of 10 km in the x, 30 km in they and 1.5 km, in the z directions, and a
maximum potential temperature excess of 4 K. The potential temperature excess in the bubble
diminish through spacein the horizontal and vertical directionswith respect to their maximum value
located at its center. The parameters of the perturbation were chosen as the minimum values
required to obtain a development of convection for several hours.

4. Results
4.1 Sructure and physical mechanisms of the 21 July 2001 convection (Sm1l)

Theinitial cloud formed at 660 sof simulation at thelocation of theinitia perturbation. At that time,
the cloud water content (qc) isthe only hydrometeor present, with amaximum value of 0.1 g/kg. At
900 sit reaches amaximum value of 1 g/kg. At 1380 s, the rain water content (qr) reaches 4 g/kg,
the cloud top is higher than 6 km, and theice cloud content (qi) can be appreciated. The latent heat
released by the phase transformations accelerates the updrafts at the higher levels of the cloud
reaching maximum values larger than 30 m/s. The rapid strengthening of the updraft from the
middle troposphere up to the higher levels is also a consequence of the high CAPE. The hail
content (gh) isvery large at thisrelatively early stage of the cloud life, and fall through the central
part of the updraft, having its maximum (>20 g/kg) in the lower part of the cloud. Part of gh is
located lower than the O °C isotherm, contributing to rain formation by melting.

Thevorticity and vertical velocity fieldsare shown in ahorizonta planeat 2 km height (Fig. 3a)
at 1800 s. Two vorticity centersof opposite sign are observed within the updraft region in the cloud.
They areinitiated due to thetilting of horizontal vorticy, which was provided by the vertical wind
shear, by theupdraftspresent intheinitial cloud development, as has been mentioned by Schlesinger
(1978), Klemp and Wilhemson (1978b), and Weisman and Klemp (1984) in numerical simulations,
and Barnes (1970) with mesonetwork data analysis. The region of maximum updraft is located
between the vorticity centers and a small region of minimun updraft is seen, related to the rain
water that reaches the surface at this time and provide the generation of downdrafts.

After 1800 s of simulation aspliting process starts to occur, which generatestwo new cells that
moveto theright (RS) and left (LS) of the parent storm motion. Hail content values of 0.1 g/lkg are
observed reaching the surface at 2040 s before the complete splitting of the parent storm. At 2880
s, after the splitting has occurred, two regions of hail content are present at the surface associated
with both cells and continue until 3480 s. From thistime, only aregion of hail content associated
with the RS persists and increases in diameter, reaching amaximum value of 5 g/kg at 3960 s.

In Figure 4 a, b the new cells are observed, in a vertical plane drawn at x = 56.5 km (3000 s).
The RS, located near the origin of the figure, reaches alarger development than the LS. In Figure
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4a, a downdraft located between both cells and isolines of maximum values of gr can be seen
reaching the surface. The gc values are located on the outward sides of both cells coincident with
the main updrafts at the midlevels (4 to 6 km). The main updrafts increase in intensity at higher
levels, where maximum values of i arelocated, related with thelarge amount of latent heat rel eased
(Fig. 4b). Furthermore, in the same figure, two maximum regions of gh associated with both cells
can also be seen. All this give evidence that the split occurred.

At 3000 sof simulation (Fig. 3b), four vorticity centers are shown in ahorizontal planeat 2 km
height. The two new centers (located to the north/south of the RS/LS) were generated by the
downdraft that providesthetilting of the horizontal vorticity. The main updraftsinthe RS/L Srotate
cyclonically/anticyclonically and the new vorticity centersare located within the downdraft region.
Despitesimilar patternsfound in previousworks (Klemp and Wilhelmson, 1978b; Schlesinger 1980;
Wilhelmson and Klemp, 1981) that favor the devel opment of supercellsinthe RS (with aclockwise
turning hodograph), the magnitude of the vertical vorticity is much smaller in this case. It isa
consecuence of the chaotic behavior of the hodograph from the surface to midlevelswhere asmall
clockwiseturning tendency can be appreciated, but weak wind shear values dominate. The stronger
development reached by RSin the current simulation will be further analyzed.
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Fig. 3. Horizontal cross section at 2 km height. The shaded areas represent the vertical velocity and the
isolinesrepresent the vertical vorticity. @) At 1800 s. b) At 3000 s. The x-axisincreasesin kmto the east and
the y-axisincreasesin km to the north.
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Fig. 4. Vertical cross sections passing through the plane of maximum updraft of RS (x = 56.5 km) at 3000 s.
a) Cloud water (shaded areas) and rain water (isolines) mixing ratios. b) Ice water (shaded areas) and hail
(isolines) mixing ratios. Vectorsrepresent thewind field and the mixing ratios of hidrometeorsare drawnin g/kg.

Thepressure perturbation fieldinahorizonta planeat 2km height (at 3000 s) showsthat both updraft
zones nearly coincide with two pressure minima, independent of the vorticity sign (Fig. 5a) (Houze,
1993). However, the RS presents larger negative values of pressure perturbation at its center
enhancing the low level convergence (Davies-Jones, 1985). The negative pressure perturbation
values extend through the midlevels (Fig. 5b). Above 8 km a high pressure perturbation region is
located in the updraft of LS, which provides a pressure gradient acting against the LS's upward
motions. Inthe outward side of RS, anegative pressure perturbation region persistsfavoring upward
motionsand itslarger development with respect to LS. Thisasymmetry in the pressure perturbation
field is observed since the early stages of the storm splitting until the dissipation of LS. It isdueto
the presence of high wind shear values above 7 km height that increase the pressure field in the
upshear cell (LS). On the other hand, an analysis of the wind structure of the system reveals other
mechanism that could favor the larger development of RS. Figure 6 shows a horizontal cross
section at 4 km height (3240 s). Mainly more moist air coming from the south is observed to enter
the RS's main updraft, which favors its maintenance. Nevertheless, drier air coming from the
southwest (where precipitation falls from the anvil) is incorporated into the LS. This mechanism
was discussed by Grass (2000) as one of the possible causes of asymmetry in the development of
split storms.

At 4200 s of simulation the LS starts to decay, which is better observed at low and midlevels.
However, at higher levels LS mantains its structure for some time though the area of the main
updraft is smaller than that of the RS. At 4440 s, precipitation reaching the surface is observed in
both cells, but hail isseen falling only from the RS, which lastsuntil 5160 s.



242 D.R. Pozo et al.

18000

_| 16000
14000
12000
L [10000 :
8000
/ 6000
4["'1; 4 -

/| 2000

Fig. 5. Pressure perturbation (contour) and vertical velocity (shaded areas) fieldsat 3000 s. a) Horizontal cross
section drawn at 2 km height. b) Vertical plane passing through maximum updraft value of LSat x=56 km. The
thick dashed line represents the 0.1 g/kg contour of gc.
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4.2 Sensitivity studies to the vertical wind profile

Three more simulations (Sim2, Sim3 and Sim4) were performed in order to study the effect of the
wind shear at various heights on the severity of the simulated storms. To analyze the severity,
several parameters were selected related with rain, hail and surface winds, as described in Tablel.
All of them were calculated approximately at 250 m above the ground as a measure of the effects
of storms severity on surface. Hereafter, this level will be referred to as surface.

Table . Description of the parameters selected to analyze the severity of the simulated storms.

Parameter units Symbol Description

Total volume of precipitation (m?)* Vpr Integrated precipitation (rain and hail) accumu-
lated in surface.

Precipitation area (m?)* Apr Areawherethetotal accumulation of precipita-
tion was nonzero.

Mean intensity of precipitation (mm)* Ipr Total volume of precipitation divided by the
precipitation area.

M aximum preci pitation Prmax Maximum value of precipitation accumulation,

(mm)* accumulation every 120s.

Mean hail mixing ratio (g/kg) Mah Surface mean hail mixing ratio (gh) integrated
over al smulationtime.

Areaof hail precipitation (km?) Agh Areawhere the mean surface gh was nonzero
every 120s.

Mean gh intensity (g/kg x m2) Igh Surface mean gh intensity divided by the hail
precipitation areaevery 120 s.

Maximum gh (g/kg) ghmax Maximum value of gh on surface at onegrid
point (1.5x 1.5km?) every 120s.

Maximum winds on surface (m/s) Vmax Maximum horizontal wind speed at surface.

M aximum downdrafts (m/s) Wmin Minimum valuesof w at surfaceevery 120 s.

*Snow was not considered since it never reaches the surface due to the typical high surface temperatures.

4.3 Analysis of rain

Thetotal volume of precipitation (V pr) showsthe same behavior intimein Sim1, Sim2 and Sim3
(Fig. 79). InSim 4, Vpr is8% larger thanin any other simulation starting from 5000 s. Sim1 presents
thelargest precipitation area(Apr) (Fig. 7b). When the shear above 10 kmisremovedin Sim2, Apr
decreases. Apr decreases even more in Sim3 when the wind shear above 7 km is removed. This
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could berelated to the precipitation that fallsunder the anvil, whichislarger in Sim1 and Sim2 due
to strong winds at high levels. However, when the wind shear at all levelsisremoved in Sim4, a
larger Apr isobserved in Sim4 thanin Sim3, starting from 3500 sof simulation though the difference
isnot so large. The reason for this could be that in Sim4 both clouds reach the same devel opment
producing more rain. Vpr is the largest in Sim4, decreasing through Sim3 and Sim2, with Sim1
being the smallest.
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Fig. 7.d) Vpr (rain + hail) multiplied by 10* accumulated on surface over the horizontal domain for all
simulations. b) Apr on surface (multiplied by 10°) for all smulations.

The maximum precipitation accumul ation every 120 s (Prmax) includesrainwater and hail (snow
isnot included since it does not reach the surface). The peaks of maximum value of gh on surface
every 120 s (ghmax) and Prmax are observed in figures 9b and 8b at 2160 s and the distribution of
Prmax on surface (not shown) issimilar in al simulations at thistime. Surface plots of Prmax and
gh at 3120 s (when the storm splitting has occurred) are shown in Figure 10. Some differencesexist
among Sim1, Sim2 and Sim3. Sim1 and Sim2 show a similar pattern of Prmax but gh values are
present only in the northern (L'S) storm of Sim1, although larger gh values are later observed inthe
southern (RS) storm. The Prmax area spreads in the direction where the system’s anvil is located
and shows asymmetry in both simulations. Sim3 presentsasmaller areaof minimum Prmax values,
however in LS, the area of maximun values of Prmax is larger. Furthermore, gh values are also
observed.

On the other hand, Sim4 shows a symmetrical pattern of Prmax with two isolated areas of
maximum valueslarger than 5 mm. Thisisrelated with a split processwhere no preferred stormis
favored, which isin agreement with the removal of the low-level wind shear.
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4.4 Analysis of winds

Figure 11 showsthe evolution in time of maximum horizontal winds (Vmax) at surface (250 m). In
general, the behavior of maximumwindsat thislevel issimilar for thefirst three simulations. They
show afirst peak associated with convergence at earlier stages of clouds development (1560 s for
Sim3, 1680sfor Siml and Sim2 and 1800sfor Sim4). In Sim4, some differences exist with respect
to the other simulations since maximum winds at thislevel are weaker by 1 or 2 m/sfrom 1200 sto
1800s.

The second peak, whichisthe absolute maximum valuefor thefirst three simulations, isreached
at 2400 s, associated with winds divergence due to the outflows produced by the downdrafts. It is
displaced afew seconds from the maximum hail intensity, maximum precipitation accumulation and
downdrafts (Figs. 8-9). Thismaximum isslightly lower in the case of Sim4.
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Fig. 11. Distribution in time of Vmax for all simulations.

Vmax increases in Sim4 starting from 2400 s and reaches its maximum value at 3120 s, which
is larger by almost 3 m/s than in any other simulation. The other 3 simulations also reach a maximum
of Vmax (at 3730 s) that is of about the same magnitude as their second peak. Coincident with
these peaks reached by all simulations, similar peaks in the temporal evolution of Prmax (from 2400
s to 4000s) are observed (Fig. 8b). After these maxima, Vmax decreases gradually showing
approximately the same behavior in all simulations. The fact that the maximum values of precipitation
and maximum values of downdrafts coincide with maximum horizontal winds implies that the
acceleration is generated by divergence of winds due to the fall of rain. This can be seen in Figure
10 where Vmax is located in divergent regions.

In general, in regard to the wind speed at low levels, the severity of the storms is the same in the
first three simulations, since only small variations occur among them in time. Sim 4, however, shows
differences in both its maximum values and the time at which they are reached compared to the
other simulations.

4.5 Analysis of hail

Since hail was observed on 21 July 2001, its analysis was included as a specific kind of precipitation
in the assessment of severity. In Table Il, the mean contents of gh at the surface (Mgh) for the
entire life of the storms are shown. This quantity was chosen to represent the mean content of hail
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Table Il. Mean hail mixing ratio (Mgh), maximum cloud top and maximum updrafts for all simulations.

Simulations Mgh (g/kg) Maximum cloud top (km) Wmax (m/s)
Sim1 1.72E-08 15.750 452
Sim2 5.26E-09 16.350 478
Sim3 1.15E-08 16.250 489
Sim4 1.72E-08 16.250 519

fallen in the entire period of simulation. Mgh is the same in Sim1 and Sim4 indicating that the
amount of hail that fell at the surface is comparable in both simulations despite Sim1 had a greater
intensity most of the time (Fig. 9a). On the other hand, Mgh is an order of magnitude smaller in Sim
2 than in any other simulation, which suggests that the presence of the shear at high levels (above
10 km) acted favorably to produce larger concentrations of hail. A possible mechanism to explain
this was proposed by Rasmussen and Straka (1998) who found that the storm-relative flow at the
anvil level may drag the slowly falling hydrometeors (the lightest ones) away from the updraft, thus
preventing them from reentering into the updraft. It produces less competition for the liquid water
available among hydrometeors within the updraft allowing hail stones to grow to larger sizes and
become the dominant kind of precipitation. A negative effect of the wind shear on Mgh at middle and
lower levels was seen in Sim3 and Sim4 since a progressive increase in Mgh was evident when the
wind shear was removed from Sim2 to Sim4. This is not in contradiction with that mentioned above
since in Sim4 both storms reach a large development and produce together the same Mgh than in Sim
1. However, in Sim 1, Mgh is produced mainly by the RS, being the most severe storm regarding to
the hail production.

Figure 9a shows the temporal evolution of the mean gh intensity (Igh, Table I), which appeared
360 s after the start of the rainfall. The absolute maximum for all simulations is reached at 2160 s,
coincident with that observed in Prmax (Fig. 8b). Igh on surface was remarkably larger in Sim1
(almost twice as large as the others) and the fall of significant amounts of hail in all simulations
lasted only 240 s.

Figure 9b shows the evolution in time of ghmax at the surface every 120 s. The maximum hail
concentration at this level is as high as 1.9 g/kg, which is larger than the maximum value reached by
Igh of 0.84 g/kg (Fig. 9a). Maximum values reached by ghmax between 2500 s and 4000 s in all
simulations do not correspond with maximum Igh values in that period. During this time the hail
area increases with the consequent decreases of Igh values. The figure clearly shows that maximum
concentrations of hail in Sim1 were the largest and in Sim2 the smallest. It is noticeable that in Sim2
ghmax decreases considerably and is close to zero starting from 3000 s, which corresponds to the
small value of Mgh (Table II).

4.6 Analysis of vertical development
Maximum cloud top heights and updrafts for each simulation are given in Table Il. Wmin is the
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Fig. 12. YZ vertical cross sections in the plane passing through maximum updraft value of RS in all simulations
at 3120 s. Vectors represent the wind speed. At the bottom of the figure is a 3 m/s vector indication. The
amount of rain (shaded areas), cloud + ice water (solid isolines) and hail (dotted isolines).

minimun value of W at surface calculated every 120s. The strongest updraft and lowest Wmin
values are observed in Sim4. The rest of the simulations show the same Wmin distribution in time.
The lowest clouds formed in Sim1 while in the rest of the simulations no appreciable difference was
observed. The wind shear above 10 km seems to act as a dynamic barrier to the cloud development
in this case. A vertical cross section of clouds in the yz plane passing through maximum updrafts in
each simulation is shown in Figure 12 (at 3120 s), where the aforementioned difference in cloud top
among simulations can be seen. Sim1 shows the largest difference between the two storms, while
the symmetry increases from Sim1 to Sim4.
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Fig. 13. a) Vertical cross section passing through the plane (x = 53.5 km) of maximum updrafts in both clouds
at 2880 s. The contours represent the pressure perturbation and the shaded areas the vertical velocity. b)
The same as in Fig. 6 for Sim 4 at 3000 s.

As the wind shear is removed in Sim4, the high perturbation pressure region above the 8 km
(explained in section 4.1) decreases substantially with the consequent decrease of the negative
pressure gradient that acted against the LS updraft development (Fig. 13a). For this reason, the
storms simulated in Sim2 and 3 present a larger symmetry than those in Sim1, although some
asymmetry is still observed due to the entrainment of drier and colder air at midlevels into the left
storm’s updraft (explained in section 4.1). As the wind shear is removed at all heights in Sim4, the
entrainment consists mainly of environmental air favoring the same development in both storms
(Fig. 13b). Thus, the mechanisms that inhibited the development of the LS in Sim1 were not present
in Sim4, favoring its development.

The life cycle of the storms was approximately the same in Sim1, 2 and 3. However, it was
slightly shorter in Sim4. Houston and Wilhelmson (2002) suggest that updraft maintenance is related
to the fluid shear term associated with the tilted environmental vorticity and in Sim4 that term is null.

5. Summary and conclusions

The structure and main physical mechanisms of the convection developed on 21 july 2001 in the
eastern region of Cuba was studied with the ARPS model and a sounding that provided the initial
basic state. The 1800 UTC sounding of that day was used to initialize the simulation, whose hodograph
presented a small clockwise turning with height at low and midlevels and a strong unidirectional
wind shear at higher levels. It was evidenced that a local environment as that provided by the



A numerical study of the development of convection on 21 July 2001 over Cuba 251

sounding was favorable for a storm splitting, with two split storms that moved to the right and to the
left of the mean wind at low levels. Other simulations using axial symmetric initial bubble and the
same sounding were made to reaffirm that split occured independent from the shape of bubble. The
RS reached a larger development than the LS, whose development was inhibited. Furthermore, hail
was observed in most of the simulation but larger amounts of hail reached the surface after the
splitting in the RS.

Two mechanisms were responsible for the inhibition of the left-moving storm. The first is the
vertical pressure gradient (maximum pressure values at higher levels and minimum pressure values
at low levels) that acted against the main updraft development, possibly due to the strong shear
present at higher levels. The second cause is the entrainment of drier and colder air in the LS’s
updraft at midlevels coming from the downdraft region, while moister environmental air is entrained
into the RS’s updraft.

High CAPE and moisture values normally exist in the study region, which influences the
development of strong deep convection. However, as the formation of hailstorms is not very common,
the wind profile measured at the surface station was studied to determine its influence on the
convection that developed that day and the generation of hail at surface. For that reason, a further
sensitivity study of the wind profile on the severity of the simulated storms was performed with
three additional simulations. Several parameters were selected to compare the severity.

The wind shear above 10 km was favorable for a larger hail production, intensity and maximum
hail at the surface. It is possibly related to the storm-relative flow at the anvil level that drags the
slowly falling hydrometeors (the lightest ones) away from the updraft thus preventing them from
reentering into the updraft. It produces less competition for the liquid water available between
hydrometeors within the updraft allowing hail stones to grow to larger sizes and become the dominant
kind of precipitation (Rasmussen and Straka, 1998). Furthermore, the area of precipitation decrease
at the surface when the wind shear above10 km is removed because of the reduced extent of anvil.

When the wind shear below 7 km was also removed (Sim 4), the total volume of precipitation
(Vpr), maximum horizontal winds, updrafts and the intensity of precipitation were the largest. The
mean hail mixing ratio (Mgh) presented the same value as in Sim1. Due to the absence of the wind
shear, the LS was not inhibited and both storms reached the same strength. This could be the
reason why Vpr and Mgh were larger in this simulation, since in the other simulations Mgh and Vpr
were produced mainly by the RS. The mechanisms mentioned above that inhibit the LS development
were not present in this simulation.

The life cycle of the storms was approximately the same in the four simulations, but slightly
shorter in Sim4, suggesting that the wind in the lower levels contributed to longer lasting storms. In
Sim4 the maximum vorticity centers did not coincide with the main updrafts at lower levels, and this
distribution did not contribute to the maintenance of the updrafts.

Despite the similarities found here with previous studies on mid-latitude storms, important
differences exist. The sounding used in this study did not show a strong clockwise turning of the
hodograph with height, which typically produce supercells development in the right-moving storm.
In this case, a single strong hailstorm was simulated instead of a supercell.
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Some factors had a great impact on the results of this study. The small differences observed in
the simulated storms were not influenced by the large bubble used to trigger convection. In other
simulations where smaller perturbations were used, the storm intensity was proportional to the
initial perturbation. However, the sensitivity to the different wind profiles among storms initiated
with the same bubble remained independent from the initial perturbation value. On the other hand,
the sounding was taken several km away from the region where strong convection and hail was
observed and was taken several hours earlier. Thus, the homogeneous initial state provided by the
sounding may not accurately represent the time storm environment. However, the current numerical
simulation study showed that a local environment defined by the given sounding could be favorable
for a specific kind of convection as well as the development of a hailstorm.
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