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ABSTRACT

A numerical simulation is presented of the development of a supercell storm, which
occurred near Nuevitas, in the Camaguey province, Cuba, on July 21, 2001.
Camaguey station sounding data of 1800 GMT were used as environment for the
simulation. This sounding had a high CAPE value, low wind speed with clockwise
turning of the hodograph at low levels, and almost unidirectional shear in the middle
troposphere. For the simulations, the three-dimensional, non-hydrostatic and
compressible numerical model ARPS (Advanced regional Prediction System), of the
Oklahoma University was used. Terrain and land use were included in the model.
The initial state of the system was given by an ellipsoidal initial perturbation in
potential temperature, located in the zone where the real storm was initially observed.
A supercell storm is obtained from the simulation, which splits in two, generating two
cells, which drift to the left and to the right from the general movement of the system.
The greater development and lifetime of the right moving cell is explained by the
characteristics of the wind field. The model results are compared with the storm

evolution followed by radar.
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RESUMEN

Se presenta la simulacion numérica del desarrollo de una tormenta de supercelda
cerca de la ciudad de Nuevitas, en la provincia de Camaguey, el 21 de julo del 2001.
Como ambiente para la simulacién se utilizd el sondeo de las 1800 UTC para la
estacion de Camaguey. este sondeo exhibié un alto valor del CAPE, y poca
velocidad del viento con hodografa de giro horario en los niveles bajos de la
atmodsfera, mientras que en la troposfera media el shear fue casi unidireccional.
Para las simulaciones se utilizé el modelo numérico tridimensional no hidrostatico y
compressible ARPS (Advanced regional Prediction System), de la Universidad de
Oklahoma. En el modelo se incluyeron tanto el terreno como el uso de suelos. El
estado inicial del sistema fue dado por una perturbacion elipsoidal de temperatura
potencial, situada en la zona donde se desarroll6 la tormenta real detectada por el
radar. A partir de la simulacion de obtuvo una tormenta del tipo de supercelda,
observandose su divisiéon en dos celdas, que se desplazaron hacia a izquierda y la
derecha respectivamente del movimiento general del sistema. El mayor desarrollo y
tiempo de vida de la celda que se mueve hacia la derecha se explica por las
caracteristicas del campo de viento. Los resultados del modelo se comparan con la

evolucion del sistema observada con ayuda del radar.
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1. Introduction

Supercell storm splitting has been a main research topic for numerical modelers,
since 3-D models reached the ability to simulate this phenomenon. The first important
results in this direction were obtained by Klemp and Wilhelmson (1978, a,b), who
concluded that, in presence of a unidirectional vertical wind shear, two secondary
storms form, one drifting to the right and the other to the left of the center of the
system, known as the right moving and the left moving storm (SR and SL). These
storms are approximately symmetrical, except for the influence of the Coriolis force,
but if the shear vector turns with height in a preferential sense, then one of the cells is
favored and the other is inhibited. In the most frequently observed cases of a
clockwise turning hodograph, the right moving cell prevailed Later, Weisman and
Klemp, (1984) showed that, for a fixed form of the hodograph, the type of storm
developing as a result of the evolution of the right moving and left moving cells
depends of the absolute value of the wind shear at low levels. Recently, Grasso
(2000) returned to the problem of the origin of the asymmetry in the development of
the two secondary cells in the presence of a curved hodograph. He showed that, for
a clockwise turning hodograph, the air influx entrained in the left moving cell of the
storm originated in the cold downdraft, adding negative buoyancy to it, and
contributing to its dissipation.

Recently, the Advanced Regional Prediction System (ARPS) of the Oklahoma
University, was customized for tropical conditions and was applied to the
investigation of the development of simple convective cells over Camaguley using a
real sounding corresponding to one of the PCMAT (Koloskov et al., 1996)
experimental days (Pozo et al., 2001).

In the present paper, ARPS is applied to the simulation of cloud development for the
hailstorm, which developed on July 21, 2001 over the region of Nuevitas, in the NE of
the Camagtiey province. The objective of this paper is to show that the afternoon
environmental sounding, and specially the wind profile corresponding to the day of
the storm can produce this type of storm, even without considering dynamic forcing
produced by sea-breeze convergence. The physical mechanism explaining the
development of this storm, its splitting and the prevalence of one of the secondary

cells is explained. It is intended also to corroborate the hypothesis that the storm can



be classified as a supercell from the point of view of the simulation, and compare this
conclusion with the analysis of radar data.

2. Numerical simulation of the July 21, 2001 hailstorm in Nuevitas.
2.1.Description of the model. Initial and boundary conditions.

The applied model is version 4.5.1 of ARPS (Xue, 1995; Xue et al., 2000, 2001). It is
a mesoscale, three-dimensional, compressible and non-hydrostatic model.

As domain for the simulation, a 90x96 km mesh was used, with a horizontal step of 1
km, and 40 levels in the vertical, with a resolution of 0.5 km. The center of the mesh
was located at nearly 45 km to the East of the Camagley sounding station, at
(21°35'N and 77°33'W, Fig. 1). The time step was 6 s for the calculation of all cloud
parameters, and output was produced every 60 s. The simulation time was 3 hours.
To initiate convection, an axially symmetric warm perturbation of maximum excess
potential temperature of 4 K was applied. The perturbation was centered at x=50,
y=37 and z=1.5 km, and its dimensions were 10x30x1.5 km. The form of the
perturbation was chosen similar to that of the radar echo of the real storm in an early

stage of development.
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Fig 1.Location of the domain of the simulations relative to the Island of Cuba.



2.2. Meteorological situation and environment for the simulations.

The meteorological situation of July 21 was characterized by the influence of weak
high pressure with surface winds from the south-southwest. The highest temperature
for the Camaguey province was of 34.9 °C, and was measured in Nuevitas. The
lowest temperature was also measured in Nuevitas and reached 19.4°C. In the
afternoon, the sea-breeze regime was established, forming a convergence line in the
northern-central part of the province.

The 1800 GMT sounding of the Camaguey station (21°25'N and 77°10'W), used as
environment for the simulations (Fig 2A) exhibits a deep moist layer, a well mixed
sub-cloud layer and high convective available potential temperature (CAPE), of 3351
J/kg. The low level wind is relatively weak, with variable direction, from the W-SW at
low levels, but turning preferentially clockwise until the level of 10 km, which the base
of a jet from the NE, which extends to the 16 km level (fig. 2B). Regarding the wind
profile, three different layers can be identified in the troposphere: a low shear layer
from the surface to 7 km, and a higher shear layer with wind speed increasing with
height, from 7 to 12 km, and a higher shear layer with wind speed decreasing with
height from 12 to 16 km.
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Fig 2.: A. Camaguey station 1800 GMT sounding for 7/21/2001, plotted as a Stuve diagram (left). Wind
component profiles (right) B. Camaguey station 1800 GMT hodograph for 7/21/2001



2.3. Results and discussion of the simulation.

Three hours of storm life were simulated. Every 10 minutes of simulation, graphical
output was obtained to analyze the evolution of the storm. To monitor significant
events in cloud life, extreme values of cloud variables and their coordinates were
output in text form every minute.

The first cell was initiated at 11 min. of simulation, in the coordinates of the initial
perturbation. At that time, the only existing hydrometeor was cloud water qc, with a
maximum value of 0.1 g/kg. At 15 minutes it had reached 1 g/kg. At 19 minutes,
rainwater q; reaches 0.2 g/kg, which increases rapidly due to the autoconversion
process. At 23 min, the rainwater content reaches 4 g/kg., the cloud top is higher
than 6 km, and cloud ice content already exists. Fig 3 contains vertical cross sections
of cloud water and rainwater at 30 min and 50 min. of simulation for the YZ plane. As
can be observed, at 30 min. qc reaches more than 5 g/kg (its maximum value
reaches 9.4 g/kg). The higher values of q. are located at the peripheral zone of the
updraft, while the higher values of q; (> 10 g/kg) are at its center, and a small fraction
of rainfall is reaching the ground. . These high rainwater content values have
originated from previous cloud water that has already evolved, because of the
autoconversion process. Another fraction of the original cloud water has evolved into
ice and hail at the higher levels of the cloud (Fig3B). Hail water content is already
very high at this relatively early stage of cloud life, and has been able to fall through
the central part of the updraft, having its maximum (> 20 g/kg) in the lower part of the
cloud. Part of the hail is located lower than the 0 °C isotherm, so it contributes to rain
formation by melting. At 50 min. (Fig 3C, and D), two towers have developed from the
original storm, at its southern and northern sides, divided by a downdraft region,
being the southern tower the higher. Rainfall is falling to the ground from the whole
system. Hail is also reaching the ground from both cells.

Fig. 4 shows the presence of two vortex centers that have been generated by the
interaction of the environmental wind shear with the updraft when the horizontal
vortex tube is swept into it. The evolution of these vortices is shown at three
moments of cloud life (30, 50 and 70 min.) for horizontal cross sections at heights of
4 and 9 km. At 30 min, the updraft at low levels (Fig. 4A) has two cores with vertical
velocity greater than 10 m/s, next to two weak centers of vorticity (The central part of

the updraft does not reach the maximum velocity at this level because of the load of



water content accumulating in this region, as can be inferred from Figs 3 and 6a).
However, vertical vorticity is much greater at higher levels (Fig 4B), showing two well-
structured regions of positive and negative vorticity, whose center is located in the
periphery of the updraft core, reaching a vertical velocity of 42 m/s in its center. The
rapid strengthening of the updraft through the middle troposphere is a consequence
of the high CAPE. This can be better observed for the 6 km level (Fig. 5), where the
high acceleration of the updraft produces an increase in lateral entrainment in early
stages of cloud development (Figs 4A,5A). The combined effect of entrainment and
of the increase in wind shear observed above the 7 km level (Figs. 1 and 2) favors

the organization of the vorticity centers at higher levels.

The cyclonic and anticyclonic vortices, shown in Fig 4B are consistent with the
conceptual model of a convective simple cell cloud (Houze, 1993), which coincides
with the first step of a supercell development. At 50 minutes of simulation, the vortex
centers at the north and south of the updraft reinforce at the 9 km level. A central
downdraft region divides the updraft for all levels, generating two convective cells.
This downdraft overlaps with the southern high water content zone shown in Fig. 6,
produced by high rainwater and melting hail content at low levels, and by the
formation of hail and snow in the upper levels. The influence of the loading of this
hydrometeors seems to be the major cause of the splitting of the initial updraft, which
was a gradual process, occurring progressively from the base to the top of the cloud
(Fig. 6) The vertical velocity, vorticity and reflectivity patterns are consistent with the
conceptual model of a supercell developed by Klemp and Wilhelmson (1978b) (Figs
4,6 (C and D)). Two pares of cyclonic and anticyclonic vortices, corresponding to the
two newly generated convective cells that can be identified as the left moving and
right moving storms, according to their movement direction relative to the center of
the system. One the storm has split, the internal wind structure shows asymmetry in
the sense that the left moving storm entrains downdraft cold air to its southern flank,
blundering with the central downdraft, while the right moving storm entrains mainly

environmental air into its northern flank (Figs 4C, 5B).

The analysis of the pressure perturbation (not shown) leads to the conclusion that
both updraft zones nearly coincide with two pressure minima, independently of the
vorticity sign. At 50 minutes, at the 4 km level, a high pressure zone exists,

associated with the downdraft, persisting at 70 minutes.



Fig 3 (E a nd F) shows the structure of the southern cell (SR) in the XZ plane,
passing through the maximum velocity zone. Here can be seen the formation of the
anvil, consisting of cloud ice, hail and snow (only ice and hail shown). Hail content
under the anvil is very small, near to 0.01 g/kg, which would be related in a real cloud
with small graupel particles. This hail content melts in its way down, forming
rainwater and cloud water, which partially evaporate before reaching the ground. The
evaporation rate is greater the farther from the main body of the cloud, because of
the interaction with drier environmental air, so that the depth of the rainwater layer
increases with the x coordinate.

At 70 min., SL starts to dissipate at the 4 km level. At 9 km, the system keeps its
structure, but the updraft area of SL smaller than that of SR (Figs. 4, 6 (E and F). At
80 min., both cells go on raining on the ground, but the northern cell produces no
more hail. The top of SR, formed mainly by cloud ice have descended nearly 2 km,
keeping the 0.1 g/kg contour as a boundary criterion, and ice water content still
reaches more than 2 g/kg, while hail content reches more than 1 g/kg,. However, the
top of SL have descended much more, while its ice and hail water contents don’t
reach 1 g/kg. (Fig. 7).

Figs. 4 and 6 show that the system is moving slowly towards the E-NE,
approximately in the direction of the average wind, in the 1-7 km layer. The two cells
shift slowly to the northern side (left) and the southern side (south) from the center of
the system, being the southern cell (SR) the one reaching a greater development and
lifetime. Fig. 8 shows the paths of the two cells and the approximate center of the
system during the first 80 minutes of storm life. Afterwards, SL accelerates its
dissipation, though rain and ice persist for an hour more. SR keeps in the mature
stage for approximately two more hours. Afterwards, maximum updraft velocity
lowers to less than 2 m/s, though rainfall keeps falling for half an hour more. At 180

min., reflectivity has become less than 20 dBz.



Fig 3. Vertical cross sections by the plane of maximum vertical velocity of mixing ratios for cloud water,
rain water, ice and hail (g/kg). Vectors represent the projection of the three-dimensional wind vector in the
plane of the figure.

A: Y-Z plane, x=53.5 km, t=30 min. Shaded: cloud water. Contour: rainwater.

B.: Y-Z plane, x=53.5 km, t=30 min. Shaded: ice water. Contour: hail.

C: Y-Z plane, x=56.5 km, t=50 min. Shaded: cloud water. Contour: rainwater.

D: Y-Z plane, x=56.5 km, t=50 min. Shaded: ice water. Contour: hail.

E: X-Z plane, y=36.5 km, t=50 min. Shaded: cloud water. Contour: rainwater.

F: X-Z plane, x=36.5 km, t=50 min. Shaded: cloud water. Contour: hail.
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Fig 4. Horizontal cross sections of vertical velocity (m/s) and vorticity (x 107 s™).
Shaded: Vertical velocity. Contour: Vertical vorticity.

A:z=4km, t=30 min. B. z= 9 km, t = 30 min.

C:z=4km, t=50min. D: z=9 km, t = 50 min.

E:z=4km, t=70min. F: z=9 km, t = 70 min.
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B. Shaded: cloud water. Contour: hail.
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In this case, the hodograph turns clockwise with increasing height, and the more
developed storm is the right moving one (SR), according with Klemp and Wilhelmson
(1978 b) results. However, in the present simulation, the difference between both
storms is no so great in early stages of system development after the splitting. This
can be explained from the characteristics of the shear flow at low levels. In the lower
6 km the wind is relatively weak and there is preferential clockwise turning of the
hodograph, but it is accompanied by significant variations in wind shear direction, so
that the net effect in the difference between the vertical pressure gradients in the
southern and northern flanks of the storm in its early stage of development is less
than in Klemp and Wilhelmson’s simulations. However, between 6 and 12 km, the
increment in wind shear intensity is remarkable, while the wind shear vector direction
is nearly constant, making possible the development of both cells. The final
predominance of SR may be due to the inclusion of cold air, coming from the central
downdraft at middle levels, as can be observed from fig 4C and 5B. This mechanism
was discussed by Grasso (2000) as one of the possible causes of asymmetry in the

development of split storms.

3. Radar observations.

Radar observations of the Nuevitas storm of July 21, 2001 roughly corroborate the
above simulations results (Novo et al., 2003), though there are important differences
which are related with the interactions of several convective systems in the area. As
convective development took place in different zones of the province from the early
afternoon, the system that was present at the initial simulation time was the result of
previous interactions of different systems. Fig. 9 shows the evolution of the radar
echoes of the system, from a threshold of 20 dBZ. At 22:35 GMT, the “original” cell is
observed; showing a reflectivity maximum in its center at both levels, and
corresponds to the central downdraft in the simulation. At 22:46 GMT, in the lower
level the splitting process has begun, while in the upper level, a decrease in
reflectivity is observed. Nine minutes later, the cores of both cells are separated in
the lower level, and in the upper levels, the cells are totally separated, using the 20
dBZ threshold. Fifteen minutes later, precipitation is again observed in the lower level
between the two cells. The southeastern cell has developed very fast, but | the upper
level both cells appear as independent. At 23:10, the southeastern cell, which

deviates gradually rightward, dominates in both levels. This is the time at which hail



was detected on the ground. At 23:30, the left cell has practically disappeared, while
the right cell continues its development for an hour more.

The simulation reproduces the main features of the observations, regarding both the
general evolution of the system and the range of reflectivity values, showing that the
development of a supercell from a simple cell storm is a consequence of the
evolution of the system in the environment given by the sounding, even if it does not
meet the requirement of having large shear at low levels. This was the main objective
of the simulation, and the chosen options for running the model were the simplest
possible not to complicate the analysis.

However, the simulation was unable to reproduce the sizes and lifetimes of the cells
resulting from the splitting of the original storm. This partial lack of coincidence is
related to some limitations in the application of the model. The first is that the time of
the nearest available sounding was some hours before the beginning of the storm, so
that two other convective systems had developed in the province before the time
chosen as “initial” (Novo et al., 2003). On the other hand, the site of the sounding
was located nearly 40 km distant from the zone where the studied system developed.
Another limitation of the results is the arbitrary election of the initial perturbation,
considering that the real system existed before of the starting time of the simulation,
and was the result of merging of preexisting systems. In a paper in preparation, the
same case will be analyzed, using time-dependent boundary conditions, inserting the
model into the output of a limited area model, and including dynamic information from

the surface meteorological network.
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4. Conclusions

Numerical simulation results corroborated that the July 21, 2001 Nuevitas severe
storm consisted in the right moving cell of a supercell system, generated in an
environment of high instability, and a wind profile characterized by clockwise turning
hodograph with low wind speeds at the lower levels and strong, and nearly
unidirectional wind shear at heights from 6 to 12 km.

The structure of the simulated storm presents two secondary cells derived from an
original simple cell. These cells displace to the left and right directions relative to the
original storm motion, which coincides with the direction of the mean wind vector in
the layer from 1 to 6 km. The cells have cyclonic and anticyclonic vortices, associated
with associated with updrafts and negative pressure perturbations, but these do not
manifest clearly at low levels.

The left moving and the right moving cells develop similarly in relatively early stages
of storm development, but after 70 min. of simulation, the left cell begins to dissipate,
while the right moving one remains stable. The probable reason for the relatively
early dissipation of the left moving cell is the entrainment of cold air, generated in the
central downdraft at low and middle levels, by the mechanism reported by Grasso
(2000), while the right moving cell entrained environmental air, which is conditioned
by the wind profile.

The simulation reproduces the main features of the observations, regarding both the
general evolution of the system and the range of reflectivity values, showing that the
development of a supercell from a simple cell storm is a consequence of the
evolution of the system in the environment given by the sounding, even if it does not

meet the requirement of having large shear at low levels.
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