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ABSTRACT

Microphysical and thermodynamical features of two tropical systems, namely Hurricane Ivan and
Typhoon Conson, and one sub-tropical, Catarina, have been analyzed based on space-born radar PR
measurements available on the TRMM satellite. The procedure to classify the reflectivity profiles
followed the Heymsfield et al (2000) and Steiner et al (1995) methodologies. The water and ice
content have been calculated using a relationship obtained with data of the surface SPOL radar and
PR in Rondonia State in Brazil. The diabatic heating rate due to latent heat release has been estimated
using the methodology developed by Tao et al (1990). A more detailed analysis has been performed
for Hurricane Catarina, the first of its kind in South Atlantic. High water content mean value has
been found in Conson and Ivan at low levels and close to their centers. Results indicate that hurricane
Catarina was shallower than the other two systems, with less water and the water was concentrated
closer to its center. The mean ice content in Catarina was about 0.05 g kg-1 while in Conson it was
0.06 g kg-1 and in lIvan 0.08 g kg-1. Conson and Ivan had water content up to 0.3 g kg-1 above the
0°C layer, while Catarina had less than 0.15 g kg-1. The latent heat released by Catarina showed to
be very similar to the other two systems, except in the regions closer to the center.

Keywords: Tropical Cyclones; Cloud microphysics, Release of latent heat

RESUMO - PERFIS DE HIDROMETEOROS E DE CALOR LATENTE DOS CICLONES
TROPICAIS CONSON, IVAN E CATARINA USANDO DADOS DO PR/TRMM

No presente trabalho foram analisados as caracteristicas microfisicas e termodindmicas de dois sistemas
tropicais, o Furacdo Ivan e o Tufdo Conson, e um sub-tropical, Catarina, a partir de medicdes feitas
com o radar PR a bordo do satélite TRMM. Na analise, os perfis de refletividade foram classificados
conforme as técnicas de Heymsfield et al (2000) e Steiner et al (1995) e em seguida foram calculados
os conteudos de agua e gelo, a partir de uma relacéo obtida no Estado de Ronddnia (Brasil). Com estes
perfis calculou-se a taxa de aquecimento diabatico devido a liberagdo de calor latente conforme Tao
etal (1990). Apds serem comparados os trés furacoes, fez-se uma analise mais detalhada do Catarina,
que foi o primeiro furac@o oficialmente registrado no Atlantico Sul. Os resultados mostraram que o
Ivan e 0 Conson tiveram um alto teor médio de agua, especialmente nos niveis mais baixos e perto de
seus centros. Os resultados indicaram que o furacdo Catarina foi mais raso, tinha menor teor de 4gua
liquida e mais concentrada préximo do centro. O teor médio de gelo no Catarina foi cerca de 0,05 g
kg-1, enquanto no Conson foi de 0,06 g kg-1 e no Ivan 0,08 g kg-1. O Conson e o lvan tiveram teor
de &gua de até 0,3 g kg-1 acima da isolinha de 0°C, enquanto que o Catarina teve menos de 0,15 g
kg-1. Ataxa de aquecimento, devido a liberacdo de calor latente, no Catarina, mostrou ter magnitudes
similares aos outros dois sistemas, com maiores diferencas nas regides préximas do ndcleo.
Palavras Chaves: Ciclones tropicais; Microfisica de nuvens; Liberacéo de calor latente
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1. INTRODUCTION

Hurricanes are the strongest atmospheric systems that
develop in tropical atmosphere. Normally, these systems are
generated north of the ITCZ as a perturbation in the easterly
current. Initially appearing as a thunderstorm cluster, the
perturbation becomes a tropical depression by gaining energy
through release of latent heat by conversion of vapor into
droplets. If the SST is warmer than 26.5C, the depression
develops an eye and receives the name of hurricane. This is
a typical sequence. However, not all hurricanes are generated
and grown over the tropical oceans. There are cyclones which
are generated as mesoscale systems away from the tropics, like
those occurring in the coast of Australia (Holland et al. 1987)
and, recently, near the Brazilian coast. The Brazilian cyclone
in the South Atlantic and two other tropical cyclones, one in
the North Atlantic and the other in the North Pacific, are the
subject matter of the present study, with special emphasis on
the first, which was a rare event in the South Atlantic. The three
cyclones are fairly recent ones.

The main objective of this work is to analyze hydrometeors
and latent heating fields of the three tropical cyclones. 3D
reflectivity fields of the Precipitation Radar (PR) of the Tropical
Rainfall Measurement Mission (TRMM) satellite (Kummerow
et al. 1998) are used to develop a model of hydrometeor
distribution and concentration within the tropical systems. The
hydrometeors are classified as precipitating (i.e., hail, graupel,
snow and rain) and non-precipitating (i.e., ice crystals and
cloud water). Precipitation is further classified as stratiform
and convective to improve the dispersion relation (Iguchi et al.
2000) and the quantification of heating rate and cooling rate
fields due to phase change (Brown 1979, Leary and Houze
1979, Lang et al. 2003). The energy released in this process
is very important for the large-scale circulation (Silva Dias et
al. 1983, De Maria 1985, Gandu and Geisler 1991, Gandu and
Silva Dias 1998, Yanai and Tomita 1998).

The hydrometeor profiles are obtained using the
correlations between the SPOL estimates and the PR/TRMM
signal over the state of Rondonia, Brazil, during LBA/TRMM
experiment (Large Scale Biosphere Atmosphere Interaction/
Tropical Rainfall Measuring Mission) between January and
February of 1999.

The classification of the hydrometeors into convective
and stratiform is obtained with PR/TRMM 2A23 product
through its vertical distribution (Heymsfield et al. 2000), named
method H for the Ku radar, and horizontal distribution (Steiner et
al. 1995). The first one compares a given signal intensity to the
average signal intensity of the surrounding background below
the melting layer, around 3 km altitude. Cells with reflectivity
above 40 dBz are classified as convective. If the reflectivity is
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below 40 dBz the cell reflectivity must be at least 4.5 dBz higher
than the background to be considered as convective cell. The
second method classifies the cloud based on its vertical structure.
If a bright band (BB) is detected, it is classified as stratiform.
The latent heat release is estimated using the model developed
by Tao et al. (1990), which is based on the vertical fluxes of
hydrometeors of precipitating and non-precipitating systems.

2. METHODOLOGY

Hydrometeor types and respective contents were
estimated from SPOL weather radar polarimetric measurements
obtained during the LBA/TRMM experiment (Large Scale
Biosphere Atmosphere Interaction/Tropical Rainfall Measuring
Mission) in Rondonia, Brazil between January and February of
1999 (Silva Dias et al. 2002). These estimates serve as reference
values. The hydrometeor classification was performed with a
fuzzy logic method (Rocco 2003). Unfortunately, only four
overpasses of the TRMM coincided with significant convection
within 100 km of the SPOL radar surveillance area during the
experiment. Vertical profiles of reflectivity for both SPOL and
TRMM Ku band Precipitation Radar (PR) measurements are
compared. As pointed out by Bolen and Chandrasekar (2000)
any quantitative point-to-point cross validation between the
non-attenuated ground radar (SPOL) and attenuated space
borne radar (PR), must ensure that both are well calibrated.
However, even considering that the correlation between the two
sets of radars is simple in thesis, it is difficult to accomplish in
practice. Specially, inaccuracies due to differences in sampling
strategies and synchronization or variations in the satellite
orbital parameters could result in wrong scatter plots. So, an
alternative method is to use space average of the reflectivities.
This methodology mitigates problems related to PR missing
echoes, which lost all signal below 14,0 dBz resulting in an
underestimation of 3.8% of surface rain, negligible compared
to the accuracy of precipitation. For low attenuation, the
reflectivities agree within 1dB.

Anagnostou et al. (2001) indicate that the reflectivity
measurement differences of ground based radars and the PR/
TRMM are independent of the signal intensity with a negative
bias. A linear correction function was applied to the PR data
based on constant altitude plan position indicator (CAPPI)
reflectivity fields of SPOL and PR:

Z = stpol (1)

pr

where, Z, and Zgy, are reflectivities (dBz) measured by the PR/
TRMM and the SPOL radar, respectively, and is a constant. This
constant is determined by using Rondonia data sets. Equation 1
was obtained for convective and stratiform precipitating systems
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separately. The relationship was applied to all SPOL data (about
200 volume scans in two months). The adjusted data was used
as a simulation of a Ku band PR/TRMM radar.

The adjusted and original fields of hydrometeors were
again correlated using the disdrometer drop size distribution
(DSD) function to estimate the hydrometeor contents (Lilly
1964, Smith Jr et al. 1975, Smith Jr 1984):

W, =az,, @

where, W, is the space average hydrometeor mass content
(liquid or frozen) in g kg™ derived from SPOL, and a and b are
parameters determined by best-fitting adjustment. Equation 2
is used to estimate ice content above the melting layer or bright
band (BB) when that is detected and liquid water content below
it. The parameters a and b in these two cases are different and
are also different for convective and stratiform areas.

The above equation is not applied when there is mixture
of water and ice. In this case, the liquid water content is
computed from the method used to estimate the rainfall rate for
PR/TRMM by Iguchi et al. (2000). In this method, about 500
m above the BB, or 750 m above the melting level when BB
is not detected, the liquid water content, compared to the total
content (liquid + ice), is adjusted to be 17%. At the cloud top it
is reduced to only 1.1%. These percentages are used to estimate
the liquid water content.  To estimate the ice content below the
0 °C isotherm, we assume that the heat used by melting cools
the environment by evaporation of liquid water produced at
the surface of graupel or snow. The rate of mass loss of ice is
estimated from the following equation (Smith Jr et al. 1975):

L+ CWT)(Z—T =2nD, f (Re)[K, T -L,D,Ap] @

where L; is latent heat of fusion (J kg™); C, is thermal
conductivity of water (J kg™*K™); L, is latent heat of evaporation
(3 kg'h); D is diffusivity of water vapor (m™ s1); Ky is heat
diffusivity (J m™ s K*); Dy is diameter of graupel or snow
(m);Ap is difference of density between air at the surface of
hydrometeor and the air away from it at a large distance (kg
m3); f(Re) is Reynolds ventilation factor.

The total mass of graupel and snow has an exponential
distribution with an interception parameter Ny=0.04 cm™
(Smith Jr 1975). The ice crystal distribution is similar to the
one given in Heymsfield (2003) in which ice particle properties
are analyzed through radiosondes and aircraft probes flying in
tropical and mid-latitude regions. He used a normalized gamma
distribution, following Dou et al. (1999). With the above
methods, it is possible to estimate the total mass of graupel and
snow and non-precipitating ice crystals, separately.
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The same methodology is used to compute rainwater
and cloud water contents by using a gamma function with
(parameter determining the position of maximum concentration
of hydrometeor) obtained from profiles of rainwater and cloud
water with the TMI (TRMM Microwave Imager) sensor aboard
the TRMM satellite. The rainwater and cloud water contents
estimated by TMI sensor are averaged over the area covered by
the SPOL radar. Furthermore, the horizontal ratio of rainwater
and cloud water in each level derived from this sensor is used
as a parameter of DSD convergence integrated in the range of
cloud drops (D4 and Dy4p) and rain drops (Do and Dsgqo) @S
given below:

Df‘K(D,u)D(“)eH‘D)
Lo C)

Dsogo
W, ZK(D,}L)D(“)G(_}”D)

Do

w

where W, is horizontal mean cloud water content from TMI (kg
kg™%); W, is horizontal mean rain water content from TMI (kg
kg™h); Dyg is minimum diameter of a cloud droplet (cm); Doy
is minimum diameter of a small drop (cm); Dsggo iS maximum
diameter of a drop (cm).

The parameters on the right-side of Equation 4 are
gamma functions. The slope parameter is defined as in Ulbrich
(1983). With the help of Equation 4 one can determine a for
each isothermal level, giving one solution for the ratio between
the rain and cloud contents. Ulbrich (1983) showed that there is
a relationship between Ny and . Later, Chandrasekar and Bringi
(1987) indicated that the relationship is unstable and depends on
the adjustment method, thus limiting its utility. Moreover, Viltard
et al. (2000) used PR/TRMM data to estimate the interception
parameter N, for convective and stratiform clouds, which are
found to be 0.017 cm™ and 0.048 cm™, respectively.

Tao et al. (1990) have developed a model to estimate the
rate of latent heat release based on vertical fluxes of precipitating
hydrometeors (rain and aggreates):

dw,
ar__ Ly 5)
dt c, dz
where, L is latent heat of condensation (J kg™); Cp is specific heat
(3 kg *K™h): w;is hydrometeor content (kg kg™); V is terminal

velocity (m s) of the rain or the aggregate, given by:

V. = Ren

= (6)
D.p

where Re is Reynolds number; 1y is dynamical viscosity (kgm™s™);
pisadensity of air (Kg m™); D; is diameter of the hydrometeor (m).
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According to Beard e Grover (1974), the Reynolds
number for a drop of diameter can be witten as:

Re =exp(F) ()

where F is a cubic function given by:

F =—-3.39+1.156x —0.043x? + 0.001206 x* (8)
and X as:
X = '”[EM Di3:| ©)
3 n

where p, is the density of the hydrometeor; and g is the gravity.
The parameter in Egs. 7 to 9 are in all cgs units.

If dw;/dz in Equation 5 is negative (positive), there is
condensation (evaporation) or deposition (sublimation) or
conversion to aggregates of a more complex microphysical
structure. In this study heating and cooling due to rain will
be labeled Rcond and Evap, respectively. Lang et al. (2003)
showed, using data obtained during PRE-STORM (Preliminary
Regional Experiment for Storm Scale Operational and Research
Meteorology) experiment and TOGA/COARE (The Tropical
Ocean Global Atmosphere Coupled Ocean Atmosphere
Response Experiment), that between 4 and 6 km altitude
freezing is the most important process. But, between 6 and 9
km the deposition is predominant. For large aggregates at this
level, the mass increase is due to the collection of ice crystals
and super-cooled water (Tao et al. 1990; Lang et al. 2003),
especially within convective regions (Olson et al. 2006) where
raindrops are abundant.

As a first approximation, the latent heat release caused by
deposition/freezing is linearly proportional to the concentration
of ice crystals/drops. Equation 5 for aggregate precipitation
takes the form:

av_ ~L.corr+ L, @-corr)) vV dm (10)
dt c, dz

p

where V is the terminal velocity of the aggregate and the
proportion factor (corr) is given by the ratio between the ice
mass and super cooled drops:

m;
corr =———— (11)
m, +m,
where m, is the total water content (cloud and rain water, kg
kg™1), misthe ice content and L and L are the latent heats of
sublimation and fusion, respectively. The first term in Equation
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10 represents the heating rate by deposition of vapor over
aggregates. The second is related to freezing of super-cooled
water drops caught by aggregates. The heating due to the
aggregate flux will be labeled Dep and cooling due to melting,
Melt. Equation 11 is a first approximation and further studies
are required for the verification of its suitability.

For the non-precipitating cloud water and ice crystals,
only part of the total mass is used to heat the atmosphere:

T. L.
L =0,5—coef (W,) (12)
dt C,

The coef is 0.15 in Tao et al. (1990). This parameter is
estimated by Tao et al. (1994) from the amount of precipitation
reaching the ground, as given below:

L top
o dT

c ° dt

p base
(L L
| p[“qn +2q, JA
base Cp Cp
where P, is precipitation rate (mm hr%). The heating due to cloud
water and ice will be labeled respectively, Ccond and Depl.
Following the methodology proposed by Tao et al.
(1994), the heating due to rain water (Rcond) in the stratiform
region and the evaporation (Evap) in the convective region are
three times less than other terms, so both can be neglected.

The total diabatic heating rate due to latent heat release
is the sum of all terms given below:

Az
(13)

dr
Yy = Reond + Ccond + dep + depl
it

+ evap + melt = Total (14)

3. SYNOPTIC OVERVIEW OF THE TROPICAL
CYCLONES

Three tropical cyclones, one each in the North Atlantic, in
the western North Pacific and the South Atlantic, are described
here. The two cyclones of the Northern Hemisphere presented
extraordinary strength and the third is a unique event near the
Brazilian coast.

A-TYPHOON CONSON

The Typhoon Conson, named in homage to a province
in Vietnam, was generated from a tropical storm located at 215
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km east of Hong Kong, in China Sea, on 4 June 2004. On the
following day, already grown into a tropical depression, Conson
took a E-NE trajectory. The estimated maximum surface wind
velocity at that moment was 30-35 knots. On 6 June Conson
strengthened and changed its path a little heading to the north,
forced by a surface ridge over the Philippine islands. On this day,
the strength of the winds was 50 knots. On 7 June the tropical
depression stayed at only 195 km from southern coast of Taiwan.
The system grew further in strength and, finally, received the
status of typhoon, with the presence of an eye. On 8 June (Figure
1a) Conson continued moving slowly to the north, with a mean
velocity of 8 knots and a wind strength of 65 knots, with gusts
of 90 knots. The diameter of the eye was of the order of 10 km.

From a single scan of TRMM, it was possible to observe
two spiral bands of precipitation or legs. There was an intensely
convective area at the northeastern edge of the eye, where
precipitation exceeded 12 mm hr?. The convective rain profile
(not shown) showed values of the order of 18 mm hr! at 1 km
above the sea level. This rate decreased quickly with altitude,
reaching a value of only 1 mm hrat 6 km.

The TRMM data showed that in the stratiform sector
inside the spiral bands the precipitation values were low. Below
5 km level it was 3 mm hrl. Between 4 and 5 km there was
a maximum precipitation rate associated with the BB. In the
neighborhood of the eye the BB stayed at an altitude of 4.6 km.
Near the external edge of the typhoon BB was found at 3.9 km.
This decrease of the height away from the eye toward the borders
is asign that the eye region was hotter than the spiral legs. This
signature was also found in lvan and Catarina discussed in the
following subsections.

308

315

\Volume 25(2)

Fortunately, Conson took a NE trajectory, avoiding to
hit Taiwan. On the next day the system was still growing in
strength. Infrared images showed that the eye was hot. On
this day Conson reached its maximum strength, with winds
of the order of 95 knots. Conson maintained its typhoon
characteristics during two more days, and soon after became
a tropical storm.

B - HURRICANE IVAN

The super-hurricane Ivan was one of the strongest
tropical storm so far recorded. It reached the category 5 in
the Saffir/Simpson scale. Ivan crossed the southern region of
Jamaica Island on 11 September 2004 (Figure 1b). On this day,
the surface pressure at its center was estimated at 915 hPa with
wind velocity of the order of 270 km hr'l. On 13, the hurricane
crossed the extreme western Cuba and went on to the Mexican
Gulf. It still maintained category 5 intensity, with a surface
pressure estimated at 912 hPa. The eye diameter was 25 km.

The rate of precipitation at 1 km altitude was 18 mm hr?!
and at 6.5 km it was only 2 mm hr. This magnitude, although
larger, was not very different from that estimated in Conson.
But, this value was computed using the PR sensor, whose limited
scan did not cover the most intense northern and northwestern
sectors of Ivan. The precipitation in its stratiform sector rate
was 3-4 mm hr'! and was confined to below 5 km altitude.

On the following days, Ivan gradually lost its force, but
still received a classification of category 4. The trajectory was
N/NW. On 16 September, as weak as category 1, the hurricane
hit the coast of USA and soon it was classified as a tropical

|

4TH

46w A5H 44W

78H T 1196 1208 121E 1226

Figure 1 - Infrared images of Conson on 08 Jun 2004 at 16:30 UTC (A), Ivan on 11 Sep 2004 at 1350 UTC (B) and Catarina on 27

Mar 2004 at 06:11 UTC (C).
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storm. The depression further advanced into the continent and
dissipated completely on 24 September.

C - HURRICANE CATARINA

The hurricane Catarina is one of the rarest phenomena
recorded so far in Brazilian waters and territory (Figure 1c).
Thus, it is among the most interesting events of the globe. The
hurricane received its name because it hit Santa Catarina State
of Brazil. This tropical cyclone was formed in the wake of an
extratropical cyclone and had a short lifetime, no more than a
week. It hit the Brazilian coast on 29 March 2004 and caused
damage of property (~500 mi USD) and loss of human lives (Gusso
2004). This storm received the status of category 1-2 hurricane.

The TRMM satellite scanned Catarina three times. The
first scan was made during the formative stage (24 March 2004)
and the second and third ones during the mature stage (two times
on day 27 March 2004). In these last two passages the eye of
the hurricane was found well developed.

Catarina first appeared as a perturbation in the South
Atlantic Convergence Zone (SACZ) region under a low-over-
high block (Pereira Filho and Lima 2006). This perturbation was
somewhat similar to those found in the east coast of Australia
(Holland et al. 1987), however, never observed in the Brazilian
coast. On 27 March, in the morning hours, the TRMM scan
showed an eye that it was possible to see an eye, with a mean
diameter of 55 km, and a region of strong convection at the
southern edge of this eye. There were no measurements of
the surface pressure inside the eye, but estimates gave 979 hPa
(Mattos and Satyamurty 2004; Calearo et al. 2004). The wind
velocity was estimated to be 120 to 150 km hrt.

The hurricane arrived at the coast of Santa Catarina State
in the night of 28 March. Some meteorological stations recorded
wind speeds of the order of 100 km hr?, from the southern
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quadrant. Afterwards the direction changed to north, but with
stronger force (150 km hrt) (Calearo et al. 2004).

4. HYDROMETEOR PROFILES IN THE
CYCLONES

The relation between the SPOL and PR data sets
(Equation 1) over Rondonia shows that they are highly
correlated and the line of best fit has an inclination very close to
1.0. Table 1 shows the statistics for the convective and stratiform
regions and for liquid hydrometeors and solid hydrometeors.
The correlation coefficients are higher than 0.8 in all the four
cases, and it is highest for the liquid hydrometeors in the
convective region. The inclination of the regression line is
nearly 1.0 but slightly more inclined, in the sense that the SPOL
values vary somewhat slowly compared to the variation in PR
reflectivity. The standard deviations are smaller in the case of
liquid hydrometeors at around 2 to 3 dBz whereas for the solid
hydrometeors the standard deviation was larger, reaching nearly
5.2 dBz in convective regions. SPOL data presented slightly
higher values of standard deviation. The statistics are generated
with the help of area means over 200 km diameter around
SPOL radar, rather than point values of the reflectivities, as is
mentioned in the methodology section. The sizes of the samples
used were reduced to about 20, as there are data for only four
days. On the whole, the statistics in the table show considerable
consistency between the two datasets, which allows us to use the
PR/TRMM data for studying the hydrometeor profiles.

The inclination parameter is used to adjust the reflectivies
of SPOL/PR at all the points of the SPOL for the 200 volume
scans during two months (Jan-Feb 1999). Equation 2 is used
with these new data sets and the hydrometeor profiles provided
by TRMM to estimate the constants a and b for convective
and stratiform regions and for liquid and frozen hydrometeors.
Table 2 shows the parameters and correlations obtained. The

Table 1 - Statistical relation between the reflectivities obtained by SPOL and PR

Liquid Hydrometeors Frozen Hydrometeors
Convective Stratiform Convective Stratiform
Correlation 0,908 0,877 0,895 0.819
Bias (SPOL-PR) -0.16 -2.17 -0.95 -1,95
Inclination () 1,003 1.091 1.018 1.065
o(SPOL) 2,78 2.52 5.19 4.04
o(PR) 2,06 2,54 3.33 3.57
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correlation between the SPOL reflectivities and the hydrometeors
derived from this data is expected to be 1.0. However, the fuzzy
logic method used for the estimation of hydrometeors takes into
consideration other polarimetrical variables. A two-sided t-test at
97.5% level of confidence showed that the correlations can not
be rejected for these classification methods. These values of a
and b are, then, used to estimate the hydrometeor profiles
in the three hurricane cases.

Figures 2 and 3 show hydrometeor profiles classified
as convective and stratiform in Catarina, Conson and lIvan.
Averages were taken azimuthally with respect to the center at the
eye of each system. The distance from the center of the system
is shown on the abscissa. The profiles of water and ice are shown
respectively, in the left and right columns of the figures.

There is a clear difference between the three cyclones
in their convective sectors (Figure 2, left column). Conson and
Ivan present much more water than Catarina. Especially in
the neighborhood of the eye this difference is large. In these
regions values larger than 0.12 g kg™ are found in the whole
vertical column up to 5 km altitude for Conson and 5.5 km for
Ivan. Probably, Ivan had even more water than shown, because
PR scanned only the weakest half sector of this cyclone. Ivan
showed an area with values of up to 0.3 g kg* in the whole
horizontal extension of the hurricane. In Conson this value was
contained in the first 90 km from the center. Catarina showed
two somewhat distinct regions of liquid water in excess of 0.3
gkg?. Catarina had less water than the other two systems. The
maximum values did not surpass 0.8 g kg™ and were confined to
three small convective towers. The minimum value (0.02 g kg™)
was found above 6 km in Catarina and above 7 km in the other two.

The ice profiles (right columns of Figs. 2 and 3)
show some similarities. In all the three cyclones there were
greater concentrations of ice in the layers immediately above
the melting level. Conson showed a large concentration of
ice (~0.3 g kgl) in a narrow layer between 4.5 and 5.5 km,
but with a large horizontal extension (15 to 70 km). This
large ice concentration indicates strong convective columns
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located in this area. lvan, due to its large extension and
depth, has large amounts of ice, as high as 0.3 g kg*, between
4 and 5.5 km. Ice was found also in the very high levels,
up to 9 km. This ice was typically in the form of crystals.

Catarina had less ice and was concentrated in a thin layer
immediately above the melting layer. The mean concentration was
0.10 g kgt and only in one sector the values surpassed 0.2 g kg™.
Although, it had less ice than Ivan and Conson, Catarina showed
a relatively high concentration of crystals at 8 to 9 km altitude.

Figure 3 is similar to Figure 2, but for the stratiform
sectors. Following the description given above, Catarina showed
important differences when compared to the other two systems,
especially in the depth of the water content. Ivan showed some
uniformity in the distribution of water. In this hurricane values
0f 0.12 g kg™ were found, with a large concentration in the layer
between 4 and 5 km altitude as in Conson.

Conson and Catarina showed areas with concentration of
water as high as 0.12 g kg*, especially between 20 and 90 km
from the eye of Conson and 30 and 120 km in Catarina. But,
in the latter, the line of 0.12 g kg™ did not cross 4 km altitude.
In all the three systems, the cloud water was concentrated
immediately below the BB layer. This water was composed,
basically, of large drops that had been generated by the melting
of the ice of the BB (Tao et al. 1990).

The stratiform ice had a similar distribution as its
convective counterpart. The magnitude and vertical distributions
were very similar to convective ice. The largest concentrations
were located in the neighborhood of the convective tower.

5. PROFILES OF LATENT HEATING RELEASED
BY HYDROMETEOR (PLHRH)

Figures 4 and 5 show profiles of azimuthally averaged
latent heat released by different hydrometeor types and
parameters integrated in the vertical. Inthe convective sector the
heating/cooling due to the flux of raindrops (Rcond and Evap),
condensation of cloud drops (Ccond), heating/cooling due to

Table 2 - Parameters a and b and correlation coefficient between the corrected SPOL reflectivity and the hydrometeor

concentration

PR/TRMM
a (109 b Cor Sample size
convective (liquid) 1.889 0.654 0.972 29019
stratiform (liquid) 3.024 0.539 0.993 123662
convective (frozen) 7.402 0.505 0.980 17787
stratiform (frozen) 6.262 0.509 0.986 72376
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vertical flux of frozen aggregates (Dep/Melt), and heating due
to deposition to form crystals (Depl) were calculated.

Figure 4 shows only the four most important terms of
the PLHRH in the convective sector. In this it may be seen that
Ccond followed by Rcond are the most important contributions
to heating the atmosphere. Ivan and Conson released large
amounts of energy. In the regions surrounding the eye (first 30

catarina
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km) it was possible to find peaks of Rcond of 3.0 K hr'! in Conson
and 6.5 K hrtin lvan. Catarina showed peaks of heating of the
order of only 1.5 K hr'. The mean values for lvan, Conson and
Catarina, were 1.5 K hr, 1.0 K hrtand 0.8 K hr%, respectively.

As already pointed out, although the calculations clearly
show large values of heating in Ivan, PR did not scan its most
active sector. That is, the magnitude and horizontal extension

catarina
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Figure 2 - Hydrometeor profiles classified as convective in Catarina, Conson and Ivan, of water (left) and ice (right)
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of Ivan’s heating rates Rcond and Ccond could be much greater
than those of the other two systems.

The heating due to the vertical flux of frozen
hydrometeors (Dep) had a profile similar to Rcond. Conson
heated more the interior regions, and had magnitude
similar to Catarina in the exterior regions. lvan also
heated more in the exterior regions (~0.04 K hr'l) and this
was related to the greater concentration of ice (Figure 2).

The cooling due to melting of aggregates (Melt) was
greater in the interior parts of the cyclones, where the convective
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Figure 3 - As in Figure 2 except for stratiform sector.
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towers were located. The magnitude of this term was less
compared to the other terms. The minimum was found in
the towers, where there was more ice to melt. In Conson this
minimum was —0.17 K hr, in lvan it was —0.25 K hr'and in
Catarina -0.08 K hr™.

The total heating (Total) shows the obvious. Although
the scanning by TRMM lost the most active sector, the super-
hurricane lvan heated more the atmosphere around, especially
in the spiral legs up to 60 km from its center. The magnitude
was of the order of 5.0 K hrt. Conson had values of the order
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of 3.0 K hrland Catarina of 2.0 K hr in their spiral rings. In
the more interior parts of the rings, Conson was slightly more
active than Ivan, showing values of the order 8.0 K hr, while
Ivan had magnitude of 6.0 K hr, but with a strong peak (> 12
K hrl) at 20 km from the center. Catarina did not show any
appreciable peak (Figure 4), i.e, the heating in this storm was
more uniform from the center through the borders.

Figure 5 shows the stratiform sector of the three systems.
As already expected, Ccond values of up to 0.6 K hr' were
found in Catarina, but without an appreciable peak. In Conson,
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the heating due to Ccond was large in the interior rings, where
values of the order of 1.3 K hr! were found. lvan had two
peaks, one at 30-40 km from de center of the hurricane and the
other between 120 and 150 km with magnitude of 1.0 K hr?.
These differences were important and were directly related to
the differences between distributions and magnitudes of water
content.

The Dep term, like the Ccond, was proportional to ice
content inside the system. Catarina had less ice, but showed a
more uniform horizontal distribution (Figure 3). So, the heating

Dep

014

o 3 B0 90 120 150 180

Total

— .. — CONBAN ... wan

Figure 4 - Azimuthal mean of the most important terms from the PLHRH integrated in the vertical in the convective sector. Units:

Kst
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due to this hydrometeor was almost constant between 30 and 150
km from the center, with a magnitude of 0.03 K hr'. Conson
had two peaks, like Ivan. In the vertical (not shown) the Dep
term had a maximum between 4 and 6 km levels in lvan and
Conson, and 4 and 5 km in Catarina.

The Depl term showed a different behavior. Ivan had a
maximum at 20 km (~1.9 K hr'!) and another at 130 km (~0.4
K hrl). Conson had much more convective activity between
30 and 90 km, with a maximum at 60 km (~0.7 K hrt). This
maximum was related to a strong area with deep convective
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Figure 5 - As in Figure 4, except for stratiform sector.
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activity in the NE sector (Figure 1a). In the other sectors the
magnitude of this term was similar to Catarina. Catarina did
not show an appreciable peak, but was successful in heating the
whole radial extension.

The cooling due the evaporation of cloud drops (Evap)
showed new aspects. Ivan and Conson had more cooling in
the internal rings, with values up to —0.55 K hr'! and -0.45 K
hrl, respectively. The cooling decreased in magnitude into the
exterior rings in this cyclone, but lvan showed another peak at
140 km. Catarina, cooling more between 40 and 90 km, had

Dep
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similar magnitude as those of the other two cyclones. This large
rate of evaporation, probably, was related to a drier atmosphere
above the cold ocean where the Catarina had originated and
developed.

The melting term (Melt) had a behavior very similar
to the Evap term in Conson and Ivan. The magnitude of this
term was large at 30 km from the center of these two hurricanes
(~-0.12 K hrl). Catarina did not show an appreciable peak,
and cooled more the atmosphere between 30 and 90 km from
the center.

Adding all terms (Total, Equation 14) it is possible to see
that Catarina had a lower activity, also in the stratiform sector.
The mean magnitude was 0.3 K hr! for Catarina against 0.6 K
hr! for Conson and 0.8 K hr for Ivan. The activity was more
spatially uniform in Catarina, with small peaks of heating. The
energy was more concentrated between 30 and 120 km. Ivan
showed three peaks at 30, 90 and 130 km. These peaks were
related to the conversion of vapor into cloud water (Ccond).
Conson showed a strong heating between 30 and 90 km.
The most important term in the stratiform sector was Ccond,
followed by Depl.

6. HURRICANE CATARINA

Hurricane Catarina whose genesis and evolution
occurred in South Atlantic Ocean, not only caused damage in
Santa Catarina coast, but also changed Brazilian meteorology.
Fortunately, its almost continuous monitoring by satellites gave
the chance to study this phenomenal hurricane in many ways.
The data obtained from the TRMM satellite, more specifically
the data from the Precipitation Radar, or PR, that crossed the
hurricane three times during its lifetime is very useful for this
study.

When the first crossing happened at 12:13 UTC on 24
march 2004 (Figure 6, top panel), Catarina was in its formative
stage. During two days it was seen as a low-pressure system,
in the wake of a semi-stationary cold front over Brazil and the
South Atlantic. Inthe PR/TRMM image it was already possible
to see a strip of comma shaped cloudiness with reflectivity of
26-28 dBz at 3 km altitude. The convective center at the base of
the comma presented a reflectivity of 35 dBz. At this moment
Catarina was classified as a tropical storm. Catarina developed
in a region of negative potential isentropic vorticity anomaly
(Mattos and Satyamurty 2004) and with a strong zonal sea surface
temperature (SST) gradient, which helped the system to deepen.

In the second crossing of TRMM at 06:11 UTC on
27 March (Figure 6, center), in the early morning hours, all
tropical hurricane characteristics were found. It was possible
to see an eye, with 55 km of diameter, and two spiral bands.
Hurricane Catarina had a zonal trajectory, following the
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maximum gradient of TSM, somewhat similar to the Australian
coastal cyclones (Holland 1997). In the neighborhood of the
Brazilian coast there was a positive anomaly of TSM. It was
in this region hurricane Catarina gained strength and received
the classification of category 1-2 hurricane. The last crossing
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Figure 6 - CAPPI of 3 km altitude taken on 24 Mar 2004 at
12:13 (top) and on 27 Mar at 06:11 (center) and 11:00 (bottom)
of Catarina Cyclone.
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of the satellite happened on the same day at 11:00 UTC (Figure
6, bottom). Convective activity was seen over a large area and
the eye had decreased in size.

Figure 7 shows the azimuthal reflectivity profiles of
stratiform and convective sectors. On 24 March (Figure 7,
top panel) the center of the system was situated at 29.15S and
39.75W. In the convective sector there was already a deep
tower at 70 km from the center. This tower, which can also be
seen in Figure 6, was located at about 29S and 39W. It showed

30 a0 a0 126 154 189

= T T -
14 20 25 23 3z 38 40

\Volume 25(2)

a mean reflectivity of nearly 40 dBz at the 2 km level, and
was clearly visible at 10 km with a reflectivity of > 20 dBz.
Probably this tower was deeper than shown here. But the PR is
almost insensible to ice crystal, which has a very low dielectric
constant, and therefore a very low reflectivity. The reflectivity
was weaker in the periphery of the system.

Something similar was seen in the stratiform profile. The
BB zone was approximately located at 3.7 km height at 90 km
distance from the center. The BB height decreased gradually

a0 9l

14 18 22 24 26 32 34

Figure 7 - Azimuthally averaged profile of the convective reflectivity (left column) and stratiform reflectivity (right column) of
Catarina Hurricane on 24 March 2004 at 1213 UTC (top) and on 27 Mar at 0611 UTC (center) and at 1100 UTC (bottom). Vertical

and horizontal scales are in km and the reflectivity in dBz.
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in the direction of its periphery, where it was situated at 3.3 km
of height (180 km from the center). The inclination (~ 2.93 m
km) was a sign of hotter nucleus and cooler periphery.

On 23 March (1213 UTC) the convective towers were
less deep, but were more active, especially on the periphery of
the system. The maximum activity was restricted to the first 4
km of the troposphere and was possible to see many convective
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centers. The stratiform profile showed three regions with very
pronounced BB, indicating large amounts of ice (at 60, 80 and
120 km). The BB had a slope of 2.30 m km at this moment,
with higher elevations near the center and lower elevations
away from the center.

Twelve hours after the last passage the, TRMM took
the last image of hurricane Catarina (Figure 7, bottom). The

Q.2

0.z

Q.2

Figure 8 - Hydrometeor mean profiles of rain water (RW) and cloud water (CW), aggregates (Ag) and ice crystals (Cr) for convective
sector (left column) and stratiform sector (right column) taken on 24 Mar 2004 at 12:13 (top) and on 27 Mar at 06:11 (center) and
11:00 (bottom) of Catarina Cyclone. The vertical scale is in km. Unit: g kg-1.
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region with strongest activity was concentrated in only one
nucleus at 60 km away from the center. The reflectivity field was
more homogeneous. The BB was not so visible as in the last
two images. But it was still noted, especially between 50 and
90 km. The BB had a slope of 2.12 m km™, less than before,
indicating that the periphery of the cyclone was warming and
the center cooling.

A-HYDROMETEOR PROFILES

Figure 8 shows the mean profiles of hydrometeors (rain
and cloud water, aggregates and ice crystals). The convective
profiles were given in the left column and the stratiform profile
in the right column. In general, it is possible to see the growth
of the rain water content with time. But this may be somewhat
artificial because each measurement was taken in a different
hour, and that the microphysical process was in different phases
of its diurnal evolution.

In spite of the limitation, it is possible to say that there
was an increase in rain water content between the 2 and 4 km
levels between morning of 24 (Fig, 8, top) and the morning
of 27 (Figure 8, bottom), comparing the measurements taken
at almost the same local hour. Near the 3 km altitude the rain
content was 0.3 g kg (Figure 8, bottom) in the convective
sector and 0.07 g kg™ in the stratiform sector. In the morning
of 24 March these were 0.17 g kg™* (convective) and 0.04 g kg™
(stratiform). This was a response to the growth of aggregate
content, especially in the convective sector, which is converted
to rain after crossing the level of melting (0 °C).

The cloud water content changed very little during the
whole lifetime of the hurricane. Between 2 and 4 km altitude, it
had mean values of 0.09 g kg * in the convective sector and 0.025
g kgt in the stratiform sector. It might be a response to an almost
constant conversion of water vapor to cloud water, as function
of vapor concentration and environmental temperature.

The mean profile of ice content in the stratiform sector
remained almost invariable. At higher levels (above 7 km) the
mean content was 0.05 g kg2, Inthe levels below 7 Km, the ice
content decreased sharply. This decrease was associated with a
lesser efficiency of the deposition process due to heterogeneous
nucleation and diffusivity, which were more efficient at
temperatures below —-15°C, i.e., around 7 to 8 km.

Normally, the aggregate content, basically graupel and
snow, grew sharply with the decrease of height, especially so
in the stratiform sector where the growth was strong between
4 and 6 km. In the convective sector, only in the regions above
and near the freezing level the growth of aggregate contents was
large. In the first passage (Figure 8, top) this showed a peak of
0.12 g kg™ (as compared to 0.08 g Kg'* in the stratiform sector)
atthe level of 4.0 km. In the second passage this value increased
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to 0.16 g kg™ (as compared to 0.13 g Kg* in the stratiform
sector) and later further increased to 0.23 g kg* (0.14 g Kg'*
in the stratiform sector) in the last passage. Between the first
and the last observation, taken almost at the same local hour,
but in different development phases of the system, the peak of
aggregates, doubled in value at 4 Km. Both in convective and
stratiform sectors. This continuous growth may be due to the
availability of larger amounts of super-cooled drops collected
and due to the entrainment of moist air in the levels above 5
km, in the final phase of the development.

B -PLHRH

Figure 9 shows the profiles of some terms of the PLHRH.
The convective sector profiles and the stratiform sector profiles
are given in the left and the right columns, respectively, of the
figure. In the beginning (Figure 9, top), in Catarina, due to
large crystal content, the atmosphere at the levels above the 8
km height was heated up (Depl term). The maximum stratiform
heating rate varied from 0.75 to 1.0 K hr! and was associated
with the presence of high and deep convective towers.

In the second passage of the TRMM (center panels), the
convective sector showed little vertical development (Figure 7,
center panels). Thiswas due to the local time of scanning (0600
HLT) and very little ice content. The stratiform profile was more
active in this passage than in the previous passage, where there
were some peaks of heating associated with the deposition of
crystals (Depl) and condensation (Ccond). The evaporation of
rainwater was strongest in this profile than in the last profile.
Probably, this activity was related to the residual activity of the
convective tower growth during the previous night.

In the third passage (Fig 9, bottom) the convective sector
was more active. This relatively higher rate of heating (larger
than 0.8 K hr™ at levels below 5 km) was associated not with the
presence of deep convective tower, as in the first passage, but to
a more homogeneous horizontal distribution of the areas with
convective activity that grew along the day. In the stratiform
sector the profile was similar to the previous passage.

The aggregate content was very low during the first
passage that resulted in a relatively low heating rate at all levels
above the melting level. The evolution of this profile was almost
the same as the ice aggregates content. In the last passage,
the heating rate was about 0.05 K hr'! (convective) at 4.5 km,
however decreasing to almost zero at 5.5 km. In the stratiform
sector this heating was also small, but extended to the whole
atmospheric column above the melting level.

The cooling due the melting (Melt) of ice was limited
to the first kilometer below the melting level, in the stratiform
sector as well as in the convective sector. This remained almost
without change in the last two passages.
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The heating due the rainwater flux (Rcond) also showed
some variation in the convective sector, around 0.4 K hr' below
4.0 km. The Rcond term showed a relative increase, especially
between the first and the third passages, taken at almost the same
local time. In the last passage there was a maximum heating
rate immediately below the melting level. The cooling due to
evaporation of rain water (Evap term, in the stratiform) had a
mean magnitude of about —0.25 K hr't in the three passages,
but increasing to —0.5 K hr! at levels below 3 km.

Figure 10 shows the total PLHRH for the convective
and stratiform sectors and the sum of the two. At first, the
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predominance of stratiform sector was clear. Despite that the
convective sector had a greater magnitude with values of the
order of 1.0 to 1.2 K hr, the area covered by the stratiform
sector was 20 to 30% larger. The heating profile was clearly
bi-modal, with a peak at the 4.5 km level, i.e. at 600 hPa, and
another at 8 km or above. This occurs for large values of relative
humidity and low temperatures, or yet within convective domes,
where the cooling can be compensated by the heating in other
stratiform areas (Ccond term) and convective ones (Rcond e
Ccond terms). The bi-modal profile can be found in mature
convective cells (Tao et al. 1990, 1993), as observed in a

2705005 115 2 253 3.5

Figure 9 - PLHRH mean profiles for convective sector (left column) and stratiform sector (right column) taken on 24 Mar 2004 at
12:13 (top) and on 27 Mar at 06:11 (center) and 11:00 (bottom) of Catarina Cyclone. The vertical scale is in km. Units: K hr-1.
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Figure 10 - Profiles of convective heating (CVC), stratiform
heating (STR) and total (TOTAL) obtained on 24 Mar 2004
at 12:13 (top) and on 27 Mar at 06:11 (center) and at 11:00
(bottom) of Catarina Cyclone. The vertical scale is in km.
Units: K hr-1.
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mesoscale convective complexes and squall lines in the USA, as
an apparent heat source (Grell etal. 1991) and in the 1970-2000
climatology over the Amazon (Paix&o Veiga et al. 2005).

Despite that the convective sector intensified during the
evolution of the system, the magnitude of total heating did not
change much. In the first passage, mean values of heating at
low levels were of the order of 1.0 K hr!, whereas in the other
two passages it was 1.5 K hr, approximately. There were
large rates of heating at higher levels also due to ice deposition
(represented by Depl), with values of 3.0 K hrt in the last
passage (Figure 10, bottom).

7. CONCLUSIONS

The present work analyzed the hydrometeor and latent
heat profiles adapting a model by Tao et al. (1990) and PR/
TRMM reflectivity data. Usually, the latent heat is estimated
as a residual of the thermodynamic equation. In the present
study, it was directly estimated from hydrometeor profiles.
Solid hydrometeors were estimated from the method developed
by Heymsfield (2003) and, liquid hydrometeors from Ulbrich
(1983), Dou et al. (1999) and Viltard et al. (2000).

These methods were applied to study two tropical
hurricanes and one subtropical, namely hurricane Catarina that
was considered a severe event for Brazilian standards, though
very weak cyclone when compared to average hurricanes and
typhoons in the Northern Hemisphere. The origin and evolution
of hurricane Catarina was somewhat similar to the ones analyzed
by Holland et al. (1987) in the Australian east coast. Hurricane
Catarina was a shallow system with less ice and water contents.
It was colder and was found to have a BB 1000 m below the
level found in other two systems analyzed here. Moreover, the
BB showed a large slope, being higher near its center. This
was an indicative of a warm core.

High mean water content was found in Conson and
Ivan at low levels and closer to the center of the hurricanes.
In Catarina there was less water and was more concentrated
between 30 and 90 km from the center. The mean ice content in
Catarina was of the order of 0.05 g kg%, while in Conson it was
0.06 g kg™t and in Ivan 0.08 g kg™*. Conson and Ivan cyclones
recorded water content values of up to 0.3 g kgt in areas located
above the melting layer, while Catarina had maximum value
no greater than 0.15 g kg™* in the same region. That is, Catarina
had only half the amount of water observed in the Northern
Hemisphere hurricanes.

Due the differences between geographical location and
dynamical origins, each hurricane had its own hydrometeor and
heating profile. Conson and Ivan were very similar both in origin
and evolution, even considering the great distance between
them. So, similarities between hydrometeor and heating profiles
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were expected. The Catarina was atypical, originating from an
extratropical disturbance with less water and ice content (almost
an order of magnitude (Heymsfield, 2003)) than a tropical
system. Errors in the water and ice contents related to a simple
correlation between reflectivity and hydrometeor (Table 2) can
not be avoided but may be still useful considering the large
variability of the parameters involved in a DSD relationship
(Viltard et al, 2000) and the impossibility to decide the best
relationships (Straka et al. 2000). As in other studies, usually
the heating profiles are very sensitive to the classification
between convective and stratiforme (Lang et al. 2003) and the
temperature (Liu and Fu 2001).

Some heating terms (Rcond and Melt in convective
regions and Evap, Dep and Depl in stratiform regions) in
Catarina showed magnitudes similar to the other hurricanes.
Greater differences were restricted to regions near the eye. The
heating profiles in the three systems agreed with those found in
others studies (Tao et al. 1990, Tao et al. 1993, Yang and Smith
1999). However, they differ in magnitude and the low heating
rates between the 5 and 6 km levels.

The present method is physically sound and straight
forward. Furthermore, stratiform and convective latent heat
profiles can be easily distinguished. Further work is underway
to apply the method to initiate numerical weather models.
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