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ABSTRACT. A simple equation has been formulated to find out the temperature anomaly distributions
in axisymmetric steady state tropical storm from a few known values in the real storm and a msthod to find

out the velocity and pressure distributions of storm from it.

A few case studies with assumed typical distribu-

tion of anomaly field have been discussed. It has been found that in addition to horizontal distribution of anomaly
field, strength of the storm depends on its vertical distribution also. Profiles ralating to th> maximum tzmpzrature
anomaly with maximum tangential velocity and that with minimim sea levz] prassure are also presented which
have good agreement with typical real storms and can b2 readily used as a nomozram.

1. Introduction

Although tropical cyclones vary with respect to size
intensity and asymmetry, location, direction of move-
ment etc, there aie strong evidences that their basic
structures and energetics are similar neglecting the
obvious differences between them.

Over ocean areas, the feasible methods for monitoring
tropical cyclones are through use of meteorological
satellite and aircraft reconnaissance. Numerical methods
of storm motion need the wind speed as input :
storm surge models are sensiiive to wind speed. The
Dvorak technique estimates maximum suctained wind
in a tropical cyclone from the shape, size and vertical
extent of cloudiness obtained from «atellite cloud image-
ries. However, it yields little or no direct information
regarding spatial wind or surface pressure distributions,
because they are not well correlated with cloudiness
patterns.

From dropsonde, aircraft and micro-wave observa-
tions from space, temperature anomalies in ana around
the storm centre can be estimated with reasonable accu-
1acy. Once the temperature anomalies are known, pres-
sure and tangential wind distribution above the boundary
layer can be calculated. Then using boundary layer
equations, wind components in the boundary layer can
bz obtained. Finally using these results, radial and axial
velocities for the upper layer can also be found out.
But in this process a very large number of temperature
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data are 1equired which is not practically feasible to get.
Therefore, some technique 1s necessary which can dezl
with the problem with smaller number of data.

Main objective of this paper is to present a suitable
simple mathematical form of the temperature anomaly
profilz of steady state axisymmetric storm in which it is
not necessary to feed the anomaly temperatuie data at
every grid point in the storm and 1elate the temperature
field to tangential velocity and pressure distributions in
it. A few standard tempeiatu.e anomaly profiles have
been presented and result from numerical calculations
discussed. Finally two piofiles, one relating the maximum
temperature anomaly with maximum tangential velocity
and the other, that with minimum sea level pressure,
which have good agreement with real storms have been
presented. These can be used readily to determine the
strength of the storm.

2. Thermal structure of tropical storm

Numerous case studies of tropical cyclones based on
National Hurricane Research Project reconnaissance
aircraft data of USA have confirmed that the develop-
ment of tropical storm is accompanied by intense warm-
ing of the upper troposphere. Maximum warming of the
order of 10° to 12°C is realistic for minimal hurricane.

Frank (1977) has shown that mean two dimensional
temperature anomaly persists through the troposphere.
Inthe boundary layer, temperatures are relatively constant
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with radius despite decreasing pressure towards the centre.
According to him, maximum temperature anomaly occurs
at about 250 mb. Koteswaram (1967) pointed out that
hurricane has warm core bzlow 15 km and cold core

aloft, highest positive temperature ancmaly occurs
at 8-12 km.

Simpson (1952) studied typhoon Marge (August 1951),
its central pressure fell to 895 mb and at a distance of
200 miles from the centre, wind reached full typhoon
force (74 miles per hour). Eye soundings
revealed exceptionally warm temperature
(16° to 18" C warmer) in core region. At 9000 ft
eye centre was nearly 8° C warmer than the adjacent
area. Hawkins and Imbembo (1976) studied small intense
hurricance, Inez (1966). It was very small in diameter
but at the same time very intense. Maximum wind speed
of 157 kt was reported just 12 km from the centie of
the eye and hurricane force winds were confined to an
area within 66 km from the centre. A maximum tempera-
ture anomaly greater than 16°C was located at about 250
km with separate anomaly centre at 600 mb. La Seur and
Hawkins (1963) discussed the structute of hurricane
Cleo (1958). At the higher level temperature gradients
were less than those atlower levels. In the lower levels
positive anomalies were confined mostly to the eye
region and portions of the surrounding wall cloud. They
also remarked that gradient wind is a good approximation
tc the actual wind. Hawkins and Rubsum (1968) studied
the hirricane Hilda (1964). It wasa nearly circular fairly
symmetric storm. The striongest horizontal temperature
gradients occurred in the eye wall at a level below 330
mb. The czntie of warm anomalies (--16° C) was lozated
at 250 mb and a anomaly of about 127 C persisted at
180 mb. Hurricane Daisy (1958) was studied by Rich! and
Malkus (1961} and others. The positive tempszrature
anomalies associated with the core of the storm were
symmetrically distributed with large portion of tempzra-
ture rise occurring within 25 n. m. of the eye.

3. Basic assumptions

The essential assumptions made in this study is that
the vortex is steady and axisymmetric. Though research
aircraft missions and synoptic data have demonstrated
asymmetries and mesoscale detail of tropical storms, the
symmetiical model remains attractive, because of its
simplicity and d=scribing some important structural fea-
tures of certain fully developed storm. The strong surface
wind can be traced through the hydrostatic and gra-
dient wind equations to the temperature field with its
anomalies in the storm field. The vertical shear of the
tangential wind also must be related to the radial tem-
perature gradient. Hawkins and Rubsum (1968) calculated
the vertical wind shear for four levels using thermal wind
relation assuming gradient balance in steady state friction-
less motion from 900 mb wind (real data) at 5 n. m.
interval and 100 mb vertical increments. They found that
the differences between the calculated data and real data
were small and negligible. They remarked that momen-
tary excess of wind over gradient balance may well
exist in gust 01 bubbles (due to liberation of heat in cumu-
lonimbus cloud) and it seems unlikely that over any
appieciable time petiod or any extensive area excessive
imbalance can be maintained.

4. Formulation of the problem

The vertical cross-section of temperature anomaly
profiles prepared from soundings and aircraft data

using mean tropical sounding as normal by La Seur ard
Hawkins (1963), Hawkins and Rubsum (1968) and Frank
(1977) 1eveal that at lower levels positive anomalies are
confined mostly to the eye region and portion of the
surrounding wall clouds. Both the magnitude and areal
extent of positive aromalies increases upwards with
the result that at higher levels one finds pesitive values
within a larger area from the centre. Strongest tempera-
ture gradients occur in the eye wall at a level approxi-
mately below 550 mb. although the centre of maximum
anomaly is located at a higher level. There is a lack of
significant positive anomaly below 15,000 ft outside the
eve wall. The horizontal gradients above 500 mb level
in the outflow layer are much weaker than that through
wzll clouds at lower level. It is also weaker just near
the centre through entire depth of the storm.

Keeping in view the anomaly profiles presented by
above authors and other, attempts have been made to
find cut a suitable analytical expression in terms of verti-
cal height z and radial distance r, from the centic of the
storm relating maximum anomaly at the centre, which
can represent the anomaly temperature profiles consistent
with the observed typiczal sea level pressuie and tangential
velocity profile. In formulating the expression, it is
assumed that on the sea surface, the anomaly is
zero, increases with height bzscomes maximum at
a certain level, then decreases and again becomes
zero where the influence of the storm is negligible. On
any horizontal plane it is maximum at the centre,
d:creases rapidly in the wall cloud region, thenslowly in
the outer region and tends to zero where the influence of
the storm is negligible. Using cylindrical coordinates
and assuming centre of the storm atr = 0, the following
expressions for the anomaly temperature field on a r-z
plane have been found suitable :

T,(Ar—T,)

K@) Twas = Ta + 5o

X E@) (1)

where, r is a non-dimensional radial distance frem the
origin, mezasured on a horizontal plane and z 1s the non-di-
meznsional height above mean sea level. Reference lengths
for non-dimznsionalization will bz mentioned later on
alongwith other variables in Section 4(a).

K(z), is a non-dimensional function of z, which
specifies the vertical distribution of temperature anomaly
in the centre of the storm such thatits valucs are zero at
sea surface and at the top of the storm and has a
maximum value of unity where the anomaly is maximum.

Tmay, i the maximum anomaly at the centre (r=0)
of the -torm.

T, is the anomaly tempeiature at any point in the
r-z plane.

Ap is a parameter having the dimension of tempera-
tute and greater than Twax (i.e. Ap > Twax= Ty)

Bp, ic a positive parameter with dimension of
temperature.

F(r), is a non-dimensional function of r, which
specifies the radial anomaly distribution. Its value
is zero at r=0 and increases rapidly around r=
1.0, then exponentially. Construction of the fune-
tion F(r) is discussed in Section 5.
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Thus, if in the ceatre of the storm (r=0); where F(r)
is equal to zero, the vertical distribution of the tempera-
ture anomaly T, is known, the function K(z) becomes
known. At a constant height, left hand side of the Eqn.
(1) is constant, sc if the radial distribution cf the anomaly
temperature s known (preferably atthe height of maxi-
mum anomaly at the centre), the function F(r) also can
be calculated from Eqn. (1), with suitable values of the
parameter Ap and By. However, if radial distribution
of T, is known ot more levels, mo1e accurate values can
be assigned to these parameters.

Once the functions K(z) and F(r) are thus constructed,
the values of T, at any point in r-z plane can be
calculated from the following relation :

T2 1.0 — F(r)] -+ Ty [Br - Ap.Fu)—G(2)]—Br G(2)
()
where, G{z)=K(2). Tmax

The actual tempzrature T, in and around the storm is
obtained by adding the anomaly temperature 7, to
the mzan undisturbad temperature 7, which is constant
on a horizontal plane, ie.,

I=71+1, 3)

4 (a). Method of calculation of tangential velocity and
pressure distribution

In accordance with hydrostatic and gradient balance
assumptions to find out the tang:ntial velocity ¥ on r-z
plane the following relation can be obtainzd by elimina-
ting pressure gradient term in gradient wind equation
using hydrestatic equation and equation of state :

a (VEfriv _ T |
é?( rT )_ gar/T' “)

where, r is thz radial distancz, z is the height from the
mean sea surface, g is accelaration due to gravity, T is
the temparature in °K and f'is coriolis parameter.

Similarly pressure distribution p, can be obtained by
eliminating density from hydrostatic equation using
equation of state in the following form

p 82 RT
where, R is the specific gas constant.

The following relations are used to get the non-dimen-
sional form of the variables in Eqns, (1) to (5):

s
z=Hz': r=ry’; V=rofv: g =(—°?);l g
2
p=pop' : T=TT'; R= (@yfr) R (6)
0

where, H is thevertical hzight above which atmosphere
is assumzd to bz undisturbzd, r, is the approximat2 ianer
radial distance of the eye wall cloud, Ty is sea surface
tempzrature and p is undisturbzd sea surface pressure.

Omitting prime and cancelling common factor Eqns.
(4) and (5) reduce to the following non-dimensional

form :
3 vi-ry oT
w ()= @
f(lnp)=~—g— (8)

RT
At . =1.0, Tisconstant radially, so v=0. Integrating
Eqn. (7) downward from this level w.rt. z to lower
levels and at different radial distance r, the distribution of
vinr-z plane can be obtained from the following equa-
tion :

e N L S

Similarly, the pressure distribution p, in the same plane
can be claculated integrating in the same way from the
same level in the following form :

g (* dz
p=py ©Xp (—“ﬁjl —17) (10)

where, p, s the pressure at z=1.0

To integrate Eqns. (9) and (10), the vertical height z,
can be divided into a large number of intervals (say 200
divizions and Az=h=0.005) and it can be grouped
into sub-divisions comprising five intervals to apply the
following more accurate 6 point form.la with conven-
tional notation neglecting the remainder R, which is
very small.

z,-+-5h
sk T
]'f(z) dz — ?—3@;’"'[ 19 £(1) 4 75 £2) + 5043)

o

L 50 fd) + 75 A(5) + 19)16)] TR ()

275

where, Rn = — Wflv (f)

5. Resplts from a few ideal temperature anomaly distributions

For numerical calculation to test the formulation of
the problem, the vertical height H, above which the
atmosphete is assumed to be undisturbed is taken equal
to 16 km, reference radial distance r;=350 km and the
non-dimensional radial function F(r) of the following
form :

Fry=r¥(L0+r?) +3In(1.0+r4) (12

The function F(r) has been constituted in such a way
that the radial tempzrature gradient remains small near
the centre of the storm, becomes higher in the eye wall
region then decreases slowly and becomes insigificant
at a large distance from it. It bzcams necessary to cxpress
the function as the sum of two fuactions to sp:ciiy two
different characteristics in inner and outer region of the
storm. The influence of the first function on anomaly
temperature distribution is important in the inner and eye
wall region while that of the second function is in the
outer region. Changing the exponents of r, in F (r), vari-
ation in radial gradient of anomaly temperature can be
made. However, the above expression was found cons.s-
teat with real storm.
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Due to the out flow in the upper troposphere, ano-
maly heat spreads in a larger area and so, radial tempera-
ture gradient becomes less there and anomaly profiles
bulge outwards. To incorporate this effect, r has been
multiplied by the non-dimensional factor 1/(1--z%) and
values of the parameters Ay and By have been taken in
the following form :

Ay = Tmax +2.0
Bp=5.0+72.0xz®8
In order to see the effect of the height of maximum

anomaly and its vertical distributions, two sets of funtions
for K(z) have been presented in the following forms.

In the first case the maximum anomaly is considered
to be at the height of 8.0 km and for its vertical distri-
bution following three non-dimensional fuctions of z for
K(z) have been tested :

1(a) K(z) = sin (7z)
1(b) K(z) = sin? (=2)
1(c) K(z) =1.0— cos (nz} |
In the second case the centre of maximum _anomal_y
shifted at the height of 9.6 km and for its vertical vari-

ation, following two non-dimensional function of z for
K(z) have also been tested:

2(a) K(z) = 144721 sin (7z). exp (4.32377 z — 2.59462)

2(b) K(z)=1. 10557 sin®(nz) exp (2.04153 z—1.22492)

In all cases, maximum anomaly, T n-c has been taken
as 12°C.

15 (a). Discussion of results

Fig. 5shows the temperature anomaly (T—T,=14°) for
mean steady state typhoon from composite studies of
of Frank (1977). In Fig. 5 axial coordinate is in unit of
pressure and radial coordinate in degree latitude in which
the scale is very small. We are not considering negative
anomaly at the top, which is probably due to overshoot-
ing of the cumulonimbus clouds. It has been pointed out
that in composite studies, storms of various dimensions
and intensities are averaged together, so it represents
a general feature.

Figs. 1-3 represent the anomaly temperatue distri-
butions of cases 1(a), 1(b)and I(c) and Figs. 4 & 6 of
those in cases of 2(a) and 2(b) respectively. The coor-
dinates are in non-dimensional units of length. Figs. 7 & 8
show the comparison of surface tangential velocity and
sea level pressure profiles for different vertical distri-
butions and positions of maximum anomaly tempera-
ture at the centre of the storm. Fig. 9 represents the sur-
face tangential velocity and sea level pressure profiles in
case of I(c).

When the maximum anomaly temperature is in the
middle of the storm’s height (i.e., at 8.0 km), but the
vertical distributions in the centre (r=0) vary, it pro-
ducesdifferent anomaly temperature profiles (Figs. 1-3).
In case of 1(b) (Fig. 2) 1° C anomaly temperature pro-
file starts from a higher level than 1(a) (Fig. 1) and in
case of 1(c) (Fig. 3) it is from further higher level. Verti-
cal gradient of anomaly temperature is more in the lower
level in case of 1(a), between central and lower part in
case of 1(b) and in central parts in case of 1(c), where
liberated heat is more concentrated. In case of 1(a) out-
ward profiles in higher level bulge more outwards and
radial gradient of anomaly is confined in a narrower zone
through larger depth than other two cases, case (c) being
least. Comparison of corresponding maximum tengen-
tial velocity and fall of central sea level pressure as shown
in Figs. 7-9,itis evident thatitis maximum in case of
1(a) in which vertical gradient of anomaly is more in
lower level and radial gradient is confined in natrow
zone through laiger depth and minimum in case of 1(c),
where vertical gradientis more incentral region and
laiger radial gradient around same radial distance
is confined through smaller depth; case 1(b) being in
between them.

When the position of maximum anomaly in the
centre is shifted upwards at 9.6 km, caces 2(a) (Fig. 1)
and 2(b) (Fig. 6), the curvature of the anomaly profiles
becomes more prominent, in the lower level it approaches
to bell-shaped and 1°C profile shifts upwards; at higher
level it bulges more outwards which is more in 2(a)
than 2(b). As in cases of 1(a) and 1(b), radial gradient
of anomaly temperature in 2(a) is confined in narrow
region and greater depth than 2(b) and maximum sur-
face tangential velocity and fall in sea level central pres-
sure, is more in case of 2(a) than 2(b). These two profiles
are more representative to the typical real storm.

As shown in Fig. 7, though the maximum fall in
central sea level pressure in both the cases 1(a) and 2(a)
are nearly same, maximum tangential velocity is more
when the maximum anomaly is at 8.0 km than that
at 9.6 km. This is due to the fact that the pressure
profile in the former case is steeper in the eye wall
region than the latter case. In case of 1(b) and 2(b)
(Fig. 8) maximum fall in c2ntral pressute is slightly
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less when the maximum anomaly is at 8.0 km than that
at 9.6 km but the maximum sea surface tangential
velocity is more when maximum anomaly is at 8.0 km
which is due to the steeper pressure profile than the
other in the eye wall region. When maximum ano
maly js shifted at higher level. sea surface tangentia
velocity in the outer region becomes more than that a
lower level. This is due to more outwards spreacin,
of the anomaly profile at higher level.
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Vertical cross-section of the tangential velocity,
relative vorticity and absolute angular momentum in

case of g(b) in » - z plane have been calculated and found
to be similar to the composite studies. It is evident
from Figs. 1 and 6 that the horizontal gradient of tem-
perature is less in upper level and its contribution to the
increase of pressure gradient is less. It is due to the
fact that in higher levels liberated heat cannot remain
concentrated in the central region due to outflow. In
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TABLE 1
Observations Calculation
PV P P S haai S
Max. Min. Max. Max, Min, Rerarks
Storm (yr) surface  sea level Temp. surface  sea level

wind pressure  anomaly wind press.

(m/sec) (mb) (°C) (m/sec) (mb)
Dora (1964) 41 — 10 45
Cleo (1958) 46 — 11 48
Hilda (1964) 56 - 15 60
Daisy (1958) 43 — 8.5 40 At 620 mb
Inez (1966) 79 - More than 72 Taking 19° C

16 75 o5 200C

Phyllis (1975) 61 925 —_ 931
Betty (1975) 49 947 — 951
Cora (1975) 53 943 — 943
Tess (1975) 49 945 - 950
Alice (1975) 38 973 — 968

this study as the radial function F(r) has been specified
in non-dimensional form, there will be no variation
in anomaly curve pattern with vatiation of the reference
radial length r,. Test computations have been per-
formed with variable r, and it was found that there is
a slight increase of tangential velocity with decrease of
re» due to less effect of coriolis term in gradient balance
near the centre.

In order to see, how the maximum tangential velocity
(vmax) @nd minimum sea level pressure (pmin) vary
with the variation of maximum temperature anomaly
(Tmax), computations have been done varying Tmax
from 1°C to 20°C with maximum anomaly at 9.6 km
with the same radial function F(r) and vertical function
K(2) as in case 2(a). The vmax curve and pmin curve
against Tmayx are shown in Fig. 10. If any one of the

three variables, is known other two can be found out
from the graph. For pressure curve, the undisturbed
sea level pressure has been taken as 1010 mb. The
gradient of pressure curve is slightly higher at lower
Twax than higher. In the maximum velocity curve
also the gradient gradually decreases from lower value
of Tmax to its higher values. Variation is more
prominent in lower values. Table 1 shows the com-
parison of the available real data that with the values
represented in Fig. 10. The 1eal data have been taken
from different published papers. Though the number
of real data is small, it shows good agreement with the
computed values. If only the maximum anomaly at
the centre of storm is known a good estimate with
1easonable accuracy of the minimum sea level pressure
of typical cases can be made from the curve of Fig.
10, without going in detail calculations of anomaly
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distributions ir space. Moreover, if radius of maximum
wind can be estimated from cloud pattern, the tangential
velocity and pressure distribution in r-z plane can be
estimated with the function F(r) and K(z) used in calcu-
lations of Fig. 10.

6. Conclusions

The method presented in this work is simple and easy
to apply. If the anomaly distribution in the centre
and in radial direction at least at one level through the
maximum anomaly are known, the results will be more
accurate. The graphs presented in Fig. 10 zare still
simpler. This is a preliminary attempt, and if moge real
data are available, case 2(a) (Fig. 10) can be further
modified with variation cf parameters used in the
original equations.
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