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ABSTRACT

The effect of the horizontal variation of diabatic heating on the tropical cyclone intensity and structure
is studied in this paper. According to the potential vorticity (PV) equation in axis-symmetric cylindrical
coordinates, PV disturbance caused by the radial difference of diabatic heating is positive (negative) inside
(outside) the maximum heating radius, implying that the radial nonuniformity of diabatic heating should
contribute positively to the intensity of a tropical cyclone while negatively to its size.

A primitive equation model is then used to get some quantitative ideas on the problem. Results show
that the modeled tropical cyclone weakens by about 20% but is larger in size if the effect of horizontal
variety of convective heating is excluded in thermodynamic and dynamic equations. The PV disturbance
originated from the horizontal nonuniformity of diabatic heating is positive inside the maximum heating
radius and negative outside, in consistent with the PV equation analyses. The maximum disturbance (both
negative and positive) appears around the maximum heating level and their magnitude is comparable to that
generated by vertical variance of heating. It is concluded that the effect of the horizontal heat nonuniformity
on the intensity and structure of TC cannot be neglected.
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1. Introduction

Much attention has been paid to the role played
by diabatic heating in the genesis and intensification
of tropical cyclone (TC). Based on a two-dimensional
primitive equation model, Li (1984) proposed that the
evolution of TC should be different if the maximum
heating appears at different height. Yang et al. (1995)
found that abrupt intensification of TC at the mid-
latitudes is closely related to the vertical structure of
convective heating. May and Holland (1998) suggested
that the potential vorticity produced by the vertical
gradient of heating from the stratified precipitation
around a TC plays a very important role in the in-
tensity change of the TC. Murara and Jenu (2000)
further addressed the problem using a high resolution
spectrum model. Most of these studies focus on the
vertical variance of diabatic heating due to the fact
that vertical gradient of diabatic heating generally con-

tributes much more than its horizontal gradient to the

generation of potential vorticity.

However, while studying the effect of the spacial
inhomogeneity of deep convective heating on the dy-
namic features of subtropical atmosphere, Liu et al.
(2001) found that there is a deep negative vorticity
forcing to the north of a heating region even though
no diabatic heating exists there, because the horizon-
tal gradient of convective heating is not equal to zero.
Such a result shows that effects of the horizontal vari-
ance of diabatic heating on the atmospheric circulation
are not neglectable. For TC, the most intense convec-
tion happens in its eyewall region and there are as-
cending and descending flows alternatively in the spi-
ral cloud region. Therefore, the horizontal scale of
convective heating is usually small, which implies that
the horizontal gradient of diabatic heating can be very
large and may have notable effects on T'C intensity and
structure. This paper is a preliminary study on this

problem.
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2. Qualitative analysis

The PV equation can be written as

¢ —ac. Ve 1)
where P = o, - vé‘ is potential vorticity (PV), « is
specific volume, 6 is potential temperature, @) is dia-
batic heating and {, is absolute vorticity. The fric-
tional term has been omitted in Eq.(1).

In the cylindrical coordinate (r, ¢, z) with origin
at TC center, Eq.(1) could be written as
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Here, ¢, (, and ¢, are three components of absolute

vorticity in r, ¢ and z directions, respectively. We have
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where v, v, and w are three components of wind ve-
locity. The parameters f; and f are Coriolis parame-
ters.

For simplicity, only axis-symmetric TC is consid-
ered here. In an axis-symmetric coordinate, Eq.(2)

can be simplified as

P oQ Q
= 0655 +aGSE, (3)
Here,
0 0
G = =52+ fising, G = f+ 52+ 2.

The two terms on the right side of Eq.(3) are PV dis-
turbance generated by vertical and radial gradients of

@ respectively.
2.1 Contribution of radial variance of Q

The second term on the right side of Eq.(3) repre-
sents the contribution of radial non-uniformity of @ to
PV disturbance, which is determined by both (, and
radial gradient of Q.

Generally speaking, TC’s tangential velocity ()
decreases with height in the free atmosphere and ¢,
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is positive. Thus PV disturbance generated by radial
gradient of ) should be zero at maximum heating ra-
Rheat (which usually exists in eyewall or spiral
While
in the lower part of boundary layer, tangential veloc-
ity (v
be negative, hence PV disturbance should be negative

dius

bands), negative outside and positive inside.
») increases with height sharply and ¢, should

heat irs :
inside R and positive outside.

The distribution of PV disturbance generated by
radial gradient of ) is shown schematically in Fig.1.
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Fig.1. Schematic chart for PV disturbance

generated by radial gradient of Q. Abscissa:
radius, ordinate: height, o: TC center, Reat:

maximum heating radius.

2.2 Contribution of vertical variance of Q

The first term on the right side of Eq.(3) repre-
sents the contribution of vertical nonuniformity of Q
to PV disturbance, which is determined by both (,
and vertical gradient of Q.

Inside a TC, (, is generally positive, thus PV
disturbance generated by the vertical gradient of @
should be zero at the maximum heating height Hheat

max’

negative upward and positive downward. This is
shown schematically in Fig.2.

According to the above analyses, diabatic heat-
ing can generate PV disturbance because it is not ho-
mogeneous spacially, including both the vertical non-
uniformity, which has long been paid great attention,
and the horizontal variety. In the free atmosphere,
the radial variance of ) can generate positive PV dis-

turbance inside the maximum heating radius, which
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contributes positively to TC’s intensity, and nega-
tive outside, which may cause TC to contract. Never-
theless, it remains unknown whether these PV distur-
bances can compare with that generated by Q’s verti-
cal variance. Therefore, a primitive equation model is

employed to get some quantitative ideas.
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Fig.2. Schematic chart for PV disturbance
generated by vertical gradient of Q). Abscissa:
radius, ordinate: height, o: TC center, HE:

maximum heating radius.

3. Model description and experiment design

The model is based on primitive equations in ¢
coordinates (Anthes et al., 1987).

oP*u _mQ(aP*uu/m+8P*vu/m)
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0P TG RT,w Ly
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oP*q,
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where u and v are horizontal wind components, ¢ the
geopotential height, T temperature, ¢, specific hu-
pP* = P, — P,
with Py surface pressure and P, model top pressure.

midity, and T, virtual temperature.

6 = do/dt . Fy and Fy are horizontal and vertical
diffusion terms respectively. w = dP/dt. M; is the
total moisture ratio, with b the percentage in M; for
moistening the air to be cloudy. Np(o) and Ny, (o)
are vertical distribution functions for convective heat-
ing and water. V(o) is the vertical eddy flux conver-
gence of water vapor in cumulus convection. Others
are all commonly-used symbols.

There are 15 levels vertically and the o levels are
placed at values of 1.0, 0.98, 0.95, 0.90, 0.8, 0.65,
0.5, 0.4, 0.32, 0.26, 0.20, 0.15, 0.10, 0.06, 0.03, and
0.0. The Kuo cumulus parameterization (Kuo, 1974)
scheme and the bulk aerodynamic model of the plan-
etary boundary layer following Deardorff (1972) are
employed.

The model domain is 5000 km x 5000 km with a
horizontal grid size of 50 km. The “Arakawa B” hor-
izontal grid structure is used with the inflow/outflow
lateral boundary conditions. ¢ is set to zero at ¢ =0
and 1. All the variables are defined at the half-o levels
except 0.

A bogus TC is specified by the radius of 15 m s=!
winds (Rj5), the boundary radius of the TC (Rg) and
the central pressure (Pc). The sea-level pressure at
a distance r from the TC center, Psg (1), is given by
Fujita’s (1952) formula

27 -0.5
PSE(T)—PE—APP‘F(L) } ,
Ry
where Py is the environmental pressure, R the radius
of maximum wind, and AP = Pg — Pc.
Two experiments (Exp.A and Exp.B) are carried

out on f-plane in a quiescent environment.
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At the initial time in Exp.A, the atmosphere is
homogeneous at the standard pressure levels (1000,
850, 700, 500, 300, 200, and 100 hPa). Vertical tem-
perature structure is obtained from the ECMWF re-
analysis data (00UTC 21 September 1990) averaged
within 10°-20°N and 135°-155°E. Humidity values are
set to 90%, 85%, 80%, 50%, 20%, 20%, and 10% at
the 7 standard pressure levels from 1000 to 100 hPa,
respectively. The geopotential heights at various pres-
sure levels are calculated using the hydrostatic rela-
tionship. The model SST (lower boundary condition)
is assumed to be homogeneous at 28°C. Coriolis pa-
rameter is set as constant with a value equal to that
at 20°N. Initial parameters of TC, Ry5 and Pc, are set
to 450 km and 990 hPa respectively.

Exp.B is mostly the same as Exp.A, except that
the effects of horizontal inhomogeneity of convective
heating are neglected. This is done as follows. At
time level ¢, two temperature tendency terms are cal-
culated according to thermodynamic Eq.(8). One is
the real tendency, while the other is obtained by ignor-
ing convective heating (see Eq.(10)). Thus, we have
two temperature fields for time level ¢ + 1. One is
the real temperature T. The other is exclusive of con-
vective heating, which is defined as T'. As computing
elements at time level t+2, T is used in the advection
term of thermodynamic equation to remove the effect
of horizontal nonuniformity of convective heating on
temperature tendency. Besides, geopotential height ¢’
is calculated using T’ and then substituted into dy-
namic equations to compute the terms related to the
horizontal gradient of geopotential height. Thus, the
effect of horizontal variance of convective heating on

wind field can be neglected approximately.

oP*T 5, 0P*uT /m  OP*vT,/m
ot = - ox + oy )
oP*T& RT,w
"9 TCncr B, P
+FyT + FyvT. (10)

4. Diagnosis of model results

With pressure being the vertical coordinate, the
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PV equation can be written as

P ov

E-‘Q(Cp"‘f)@p_gkx a_p'va7 (11)
where
0 0 0
6= (G- 5m Q=32

The first (second) term on the right side of Eq.
(11) represents PV disturbance due to the vertical
(horizontal) gradient of diabatic heating. Figures 3a
and 3b depict = — z cross-sections of these two terms
through TC center for Exp.A at 48h, and Fig.3c de-
picts the sum of the two terms.

Figure 3a shows that PV disturbance generated
by vertical inequality of convective heating is positive
below the maximum heating height (about 200-300
hPa), but negative above it, which is a well-known
fact.

In Fig.3b, on two sides of the TC center, PV dis-
turbance aroused by the horizontal variance of con-
vective heating is positive inside the maximum heat-
ing radius and negative outside, consistent with the
qualitative analyses in Section 2. The disturbance ex-
trema appear around maximum heating height with
values comparable to those in Fig.3a. Thus, PV dis-
turbances generated by horizontal heating inequality
are not negligible. Another notable thing in Fig.3b is
that there are alternating regions of negative and posi-
tive disturbance horizontally, because there are several
heating extrema that might be related to spiral rain
bands in the TC.

According to Fig.3c, the horizontal heating vari-
ance not only contributes positively to the total PV
generation near the center, but also causes positive
regions to extend upward above the maximum heat-
ing height. Besides, negative PV areas aloft expand
notably compared with that in Fig.3a. These are all
favorable conditions for the intensification of TC. Be-
cause of the contribution from horizontal heating vari-
ety, the PV disturbance is not uniquely positive below
the maximum heating height as in Fig.3a, while it is

alternately positive and negative horizontally as in
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Fig.3. x — z cross-sections of PV disturbances generated by vertical (a) and horizontal (b) gradients of

convective heating through TC center, and the sum (c) of them. Here the abscissa represents the distance
to TC center (km), the unit of PV disturbance is in 107'° m™2 s72 K kg™ .

Fig.3c.
Now, let us see the effects of horizontal inho-
mogeneity of convective heating on TC intensity and

structure separately.
4.1 Intensity
In both Exp.A and Exp.B, TC strengthens con-

tinuously (Fig.4). To hour 48, the minimum central
pressure falls by 40 hPa in Exp.A. Exp.B gets a much
weaker T'C with central pressure falling only by 32 hPa
in 48 hours, about 80% of Exp.A. It is obvious that
the positive contribution of horizontal heating nonuni-

formity to TC’s intensity can not be ignored.
4.2 Structure

According to the PV difference between hours 36
and 48 of Exp.A (Fig.5), positive PV increases around
the center and negative PV aloft develops, which are

both consistent with the fact that TC deepens.
(hPa)
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Fig.4. Intensity changes of TC in Exp.A
(dashed line) and Exp.B (dotted line).
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Another notable thing is that the positive disturbance
is concentrated within the area of about 150 km radius
and there is negative disturbance outside that radius,
implying that the modeled TC does contract as it in-
tensifies.

PV difference between Exp.A and Exp.B at 48h
(Exp.B minus Exp.A, Fig.6) shows that the positive
PV of Exp.B around the center is less than that of
Exp.A, which is consistent with TC intensity’s de-
crease. Horizontally, these differences are negative and

positive alternately. The positive difference outside
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Fig.5. As in Fig.3, but for PV difference be-
tween hours 36 and 48 in Exp.A.
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Fig.6. As in Fig.3, but for PV difference be-
tween Exp.A and Exp.B at 48h.
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the negative area over TC center suggests that TC in
Exp.B has a larger area of positive PV around the cen-
ter than that in Exp.A.

Willoughby et al. (1982) have studied the con-
traction phenomenon of TC. As they pointed out, the
observed inward motion of convective rings stems from
the asymmetry between thermally direct and indirect

gyres.
gential wind maximum induces both large total sub-

A condensational heat source near the tan-

sidence outward from the wind maximum and smaller
total subsidence inward from the maximum. On the
outside, the subsidence is distributed over a wide area;
on the inside, it is concentrated near the heat source.
The subsidence-induced adiabatic warming is stronger
radially inward from the ring, so that a sharp con-
trast of hydrostatic isobaric height falls forms across
the wind maximum. Through the gradient wind re-
lation, the tangential wind increases most rapidly at
and just inward from the maximum. This explanation
only takes the effect of secondary circulation into ac-
count, but neglects the role of heat source itself. The
horizontal nonuniformity of diabatic heating may be
another factor responsible for TC contracting.

5. Conclusion and discussion

The effect of the horizontal variation of diabatic
heating on the tropical cyclone intensity and structure
is studied in this paper. According to the potential
vorticity (PV) equation in axis-symmetric cylindrical
coordinates, PV disturbance caused by radial differ-
ence of diabatic heating is positive (negative) inside
(outside) the maximum heating radius, implying that
the radial nonuniformity of diabatic heating should
contribute positively to the intensity of a tropical cy-
clone while negatively to its size.

To get some quantitative ideas, a primitive equa-
tion model is then used to address the problem for
idealized tropical cyclones on f-plane. Results show
that the modeled tropical cyclone weakens by about
20% but is larger in size if the effect of horizontal va-
riety of convective heating is excluded in thermody-
namic and dynamic equations. The PV disturbances
due to the horizontal difference of heating are positive
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inside the maximum heating radius and negative out-
side, which is consistent with the PV equation analy-
ses. The maximum PV disturbances (both negative
and positive) appear around the maximum heating
level and their magnitude is comparable to that gen-
erated by the vertical variance of heating. Horizon-
tal difference of heating not only intensifies positive
PV disturbances around tropical cyclone center, but
also makes it extending upward above the maximum
heating level, and meanwhile, the negative disturbance
area aloft enlarges. Below the level of maximum heat-
ing, the total PV disturbance caused by spacial vari-
ance of heating is not evenly positive, but in alter-
nately positive and negative distribution horizontally
due to horizontal difference of heating.

All the facts mentioned above suggest that the ef-
fect of horizontal heat nonuniformity on the intensity
and structure of TC cannot be neglected. However,
this is just a preliminary study with only an idealized
TC considered in a low resolution model. The strong
heating near T'C center has a horizontal scale of about
150 km in this study, which should be much smaller
in reality, implying a much larger horizontal heating
gradient. The existence of spiral rain band should be
the reason for several heating maxima away from the
TC center, while the relationship between them is not
clear yet. In addition, the effects of environmental
flow, B-effect, asymmetric structure, and so on, are

left out here. These all need further studies.
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