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Abstract

The minimal three-layer hurricane model developed by the authors is reformulated
with a Charney-Phillips grid (CP-grid) in the vertical instead of the Lorenz grid (L-grid)
that was used in the original model. It has been shown by others that the popular L-
grid supports a computational mode in the temperature field that can lead to inaccuracies,
especially when moist processes are involved. Here we compare calculations of the hurricane
model using the L-grid and CP-grid. We present evidence that the computational mode is
excited in the L-grid model during the period of rapid vortex intensification, which begins
when grid-scale latent heat release occurs in the core region. Thus it would appear that the
solution in the mature stage of evolution is contaminated by this mode. We show also that
the vortex asymmetries that develop during the mature stage are sensitive to the choice of
vertical grid and argue that those that occur in the CP-grid formulation are more realistic.
It is possible that the computational mode is a spurious feature of many earlier studies of
asymmetries in hurricane models in which moist processes are represented.

1. INTRODUCTION

An important step in understanding any meteorological phenomenon is to isolate those
processes that are crucial from those that are of secondary importance. With this idea in
mind, Charney (1947) and Eady (1949) developed models that are widely regarded as
prototype problems for understanding extra-tropical cyclogenesis. Even though these mod-
els differ in some important details, they both capture many of the observed features of
the structure and energetics of extra-tropical cyclones. In the same spirit one might en-
quire: what are the prototype problems for understanding tropical cyclone intensification?
Possible contenders amongst the early models must surely include the three-layer axisym-
metric model of Ooyama (1969) and the three-layer, three-dimensional models of Anthes
et al. (1971) and Anthes (1972), while the steady axisymmetric analytic model of Emanuel
(1988) might be considered to be a prototype model for the mature hurricane. More recent
contenders for the intensification problem are the axisymmetric models of Emanuel (1989,
1995) and Nguyen et al. (2002), and the minimal three-dimensional model of Zhu et al.
(2001; henceforth referred to as ZSU). The Nguyen et al. model is an axisymmetric version
of the ZSU model.

Compared with extra-tropical cyclones, the development of a prototype model for
tropical cyclones is complicated by the central importance of deep cumulus convection
for the dynamics. Ooyama’s model is based on three layers of homogeneous fluid with
heating by deep cumulus convection represented by a mass transfer between layers. The
amount of mass transferred is based on a simple steady cloud model that conserves mass
and moist static energy and which would detrain at neutral buoyancy in upper layer.
In Emanuel’s formulations, deep cumulus convection is assumed to bring the atmosphere
above the boundary layer to a state in which the saturation moist entropy along an angular
momentum surface is equal to the moist entropy at the top of the subcloud layer. Thus the
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model includes an entropy equation, but water vapour is not carried as a separate variable
so that the model cannot predict, for example, the amount of precipitation. In contrast, the
Anthes (1972) and ZSU models include a more complete representation of moist processes
with both a moisture and thermodynamic equation. ZSU’s model has the option to include
one of three different parameterizations of deep convection, or to dispense with any such
parameterization, allowing for a crude representation of explicit moist processes only.

As with the Charney and Eady problems, all the foregoing hurricane models have
their limitations and it would be hard to support a claim that any one is the prototype
model for a hurricane. Nevertheless, all may be useful for understanding tropical cyclone
intensification.

A particular limitation of all the simple models is their vertical resolution. For the
three-dimensional problem it would seem that a minimum of three vertical layers is required:
a shallow boundary layer to allow for the frictionally-induced inflow of moist air; a lower
tropospheric layer to allow for inflow above the friction layer; and an upper-tropospheric
layer to allow for outflow. In his axisymmetric models, Emanuel elegantly avoids the need
for a separate outflow layer by using potential radius™ as the radial coordinate, but this is
not practical for three-dimensional models.

The limited vertical resolution is an acute problem when moisture is included explic-
itly in the formulation, as in the Anthes (1972) and ZSU models. There are several reasons
for this. First, one cannot accurately represent slantwise moist ascent above the boundary
layer with only two layers. Secondly, the specific humidity of moisture is a strongly decreas-
ing function of altitude and is also not accurately represented with three layers. Another
potential problem, the subject of the present paper, is the way in which the vertical grid is
staggered. The ZSU model uses the staggered grid devised by Lorenz (1960), the so-called
L-grid, which is widely used in general circulation and numerical weather prediction mod-
els, while the Anthes et al. (1971) and Anthes (1972) models use a different configuration
(see below). The L-grid has certain desirable attributes: for example, it enables the total
energy, the mean potential temperature, and the variance of the potential temperature
to be conserved under adiabatic and frictionless processes (Arakawa (1972); Arakawa and
Lamb, 1977; Arakawa and Suarez, 1983). However, it has been shown to lead to a computa-
tional mode in the vertical distribution of potential temperature (Tokioka, 1978; Arakawa
and Moorthi, 1988; Cullen et al., 1997; Hollingsworth, 1995; Arakawa and Konor, 1996;
henceforth referred to as AK). The same applies to the grid used by Anthes et al. (1971)
and Anthes (1972), which appears to have been widely used also (subsequently we refer to
this grid as the A-grid). AK cautioned that the existence of the computational mode may
be serious, especially in the models that include moist processes, since the computational
mode can spuriously interact with the physical mode through inherently nonlinear con-
densation and associated processes. Both they and Hollingsworth (1995) showed that the
problem could be resolved by using the staggered grid proposed by Charney and Phillips
(1953), which they call the CP-grid.

In the belief that simple models are of central importance to a basic understanding of
complex phenomena, and because of the fact that moist processes are of central important
for hurricane intensification, we are led here to compare calculations of vortex evolution
and vortex structure in the minimal hurricane model of ZSU using the CP-grid and L-grid.
We begin in section 2 with a brief review of the three types of grid, describing the precise
problems with the L-grid and A-grid. The model equations are summarized in section 3
and the configuration of the CP-grid model is described in sections 4. The formulation of

* The potential radius is the radius to which an air parcel must be moved (conserving its absolute
angular momentum) in order to change its tangential velocity component to zero. It is proportional to
the square root of the absolute angular momentum per unit mass about the vortex centre.
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physical processes and other aspects of the CP-grid model are described in section 5 and
comparisons of simulations with the L-grid and CP-grid are presented in section 6. The
conclusions are given in section 7.

2. THE L-GRID, A-GRID AND CP-GRID
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Figure 1. Configuration of o-levels in the L-grid, A-grid and CP-grid models.

In the L-grid, the (potential) temperature, 8, horizontal velocity, u, and geopotential
height, ®, are stored at the middle of layers, while the vertical velocity is defined at the
interfaces between these layers (Fig. 1). AK show that the computational mode arises
because of the extra freedom available in the temperature field and typically appears as an
oscillation of 8 that changes sign from one level to the next. The existence of this oscillation
is caused by the fact that, with centered or approximately centred finite differencing, the
thickness between two adjacent layers, ®; — ®1—1 depends on an average of § between the
two layers, i.e. O;_1/2 =0.5(fx + 6x_1). It is possible to have a zero vertical distribution of
perturbation geopotential qbl for a nonzero vertical distribution of perturbation potential
temperature 6 . This solution, with an alternating or zigzag temperature perturbation
between layers, is uncoupled from the dynamical fields of the discrete system, although
it may couple with moist processes by its effect on the saturation vapour pressure. AK
pointed out that the existence of a computational mode is a property of any Lorenz-type
grid in which the horizontal momentum and potential temperature are carried at the same
levels.

Arakawa and Moorthi (1988) showed that use of the L-grid can reduce also the effective
static stability and falsely satisfy the necessary condition for baroclinic instability near the
lower and upper boundaries.

In the A-grid, ® is defined at interface levels while the horizontal velocities and po-
tential temperature are stored at the middle of layers. Tokioka (1978) advocated the use of
this grid, thinking that the computational mode would be eliminated because the discrete
hydrostatic equation does not involve average of potential temperature. However, Arakawa
and Moorthi (1988) showed that this is not the case. They noted that for the pressure
gradient term in the middle of layers, one still needs to obtain the geopotential height by
averaging ®,_1/2 and ®;41/5. The difference &, — ®4—1 again depends on an average of
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0 and 051 and the computational mode can still appear. Thus the existence of a com-
putational mode is a feature of any vertical grid in which u and 6 are carried at the same
levels, rather than a particular vertical-difference scheme.

AK designed a sigma-coordinate version of the vertical grid used by Charney and
Phillips (1953), the structure of which is shown in the lower panel of Fig 2. In the CP-grid,
temperature or potential temperature are carried at the interface levels with the vertical
o—velocity, &, while the horizontal velocity and the geopotential are calculated in the mid-
dle of layers as in the L-grid. AK showed that with this configuration the computational
mode does not exist because heat can be transferred by the mass flux at the same level.
Also the thickness between two adjacent model layers depends solely upon the potential
temperature in between, thus precluding a zigzag temperature pattern in vertical. Arakawa
and Moorthi (1988) found that with the CP grid, one can easily maintain important dy-
namical constraints on quasi-geostrophic flow, such as the conservation of quasi-geostrophic
potential vorticity through horizontal advection and the resulting integral constraints. In
contrast it is not even straightforward to define quasi-geostrophic potential vorticity, with
the L-grid.

3. GOVERNING EQUATIONS IN THE CP-GRID MODEL

The basic equations in the CP-grid are similar to those in ZSU. The ZSU model is based
on the three-dimensional hydrostatic primitive equations in sigma-coordinates (z,y, o) on
an f-plane or 8-plane, where x and y are in the zonal and meridional directions, respectively,
and

— D — Ptop — D — Ptop (1)
Ds — Ptop p*

P* = Ps — Ptop, Ps and piop are the surface and top pressures and piop is a constant, taken

here to be 100 mb. Then the upper and lower boundary conditions require that ¢ =0 at

o =0 and o =1, where 6 = Do/Dt and D/Dt is the material derivative. The zonal and

meridional momentum equations and the hydrostatic equation are:
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where u and v are the velocity components in the z— and y—directions, f = f, + By is
the Coriolis parameter, f, and 8 = df /dy are constants, R is the specific gas constant for
dry air, k = R/cp, cp is the specific heat of dry air, 6 is the potential temperature, ® is
the geopotential, and F,, and F;, represent the frictional drag in the x— and y—directions,
respectively. In this model, the calculations are carried out on an f-plane at 20°N where-
upon [ is set to zero. The surface pressure tendency equation, derived from the continuity
equation and boundary conditions is
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The thermodynamic and moisture equations are
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where « is the specific volume, q is the specific humidity, w is the vertical p-velocity, Qg is
the diabatic heat source and )4 is the moisture source. The temperature T is related to 6
by the formula

T = (£>ﬁ9= (p*(r +mpi0P)N6 (9)

Po Do
where p, = 1000 mb.

4. THE VERTICAL DIFFERENCING IN THE CP-GRID MODEL

The vertically discrete equations are designed to satisfy the four constraints advocated
by Arakawa and Lamb (1977), namely:

e the vertically-integrated pressure gradient force generates no circulation along a contour
of any surface topography;

e the energy conversion terms in the thermodynamic and kinetic energy equations have
the same form with opposite signs so that the total energy is conserved under adiabatic
frictionless processes;

e the global mass integral of the potential temperature is conserved under adiabatic
processes;

e the global mass integral of a function of the potential temperature, such as the square
of logarithm of the potential temperature, is conserved also under adiabatic processes.

As in ZSU the model is divided vertically into three unequally deep layers with o-
depths of 2 5 9, 9, respectively from the top layer to the lowest layer (see Fig. 2). In the
L-grid model, all the dependent variables such as horizontal velocity, potential temperature,
specific humidity and geopotential, are defined in the middle of each layer (full levels in
the Fig.1), and ¢ is staggered. In the CP-grid model, the horizontal velocity, geopotential
are calculated at levels 1, 2, and 3, and the potential temperature, specific humidity, and
vertical velocity, &, are stored at levels ;, 1 21 and 31 The equations are expressed in
finite-difference form in both the horlzontal and vertlcal and integrated forward in time
using the Adams-Bashforth third-order method. The discrete equations are based on the
scheme formulated by AK and are detailed in the Appendix.
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Figure 2. Configuration of o-levels in the CP-grid model showing locations where the dependent vari-

ables are stored. The horizontal velocity, geopotential are calculated at levels 1, 2, and 3, and potential

temperature, specific humidity, vertical velocity, ¢, are stored at levels %, 1%, 2% and 3%. In contrast to

Fig. 1 we use convention in the model that the index k increases downwards.

5. PHYSICAL PROCESSES IN THE CP-GRID AND L-GRID MODELS

(a) Explicit moist processes

Explicit condensation is treated in a similar way to ZSU. If at any time the air becomes
supersaturated at a grid point, the specific humidity is set equal to the saturation specific
humidity and the excess water vapour is condensed to liquid water. This water is assumed to
precipitate out while the latent heat released is added to the air. The latent heat raises the
air temperature and thereby the saturation specific humidity, requiring a further adjustment
of the amount of condensed water, and so on. Four iterations are sufficient to determine
the final amount of water condensed and latent heat released.

(b) Parameterized deep convection

The reformulation of the mass flux parameterization scheme for deep convection from
the L-grid to the CP-grid is not straightforward and will be discussed elsewhere. Calcula-
tions using the L-grid model have shown that even when a convection scheme is included,
the problems that arise with this grid are associated with the explicit release of latent
heat. Therefore we do not include a sub-grid-scale representation of deep convection in the
present calculations.

(¢) Radiative cooling

A Newtonian cooling term, —(8 — ,.f)/7r, is added to the right-hand-side of the ther-
modynamic equation to crudely represent the effect of radiative cooling. In this expression
0rcs is the initial potential temperature profile of the basic state and 7 is a radiative
time scale. Here 7r is set to be 10 days, based on the radiation calculations in Mapes
and Zuidema (1996: see Fig. 15b). This is in contrast to ZSU, who like other authors (e.g
Rotunno and Emanuel, 1987; Emanuel, 1989, 1995) set 7z to be 12 h. The implications of
this change are discussed in section 6c.
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(d)  Surface turbulent fluzes

Following Anthes (1972), the surface drag, in vector notation, is written for the o-
system as

p*(Fu, Fy) = _gaTz

0o

where g is the acceleration due to gravity and 7 is the vector Reynolds stress. The quadratic

stress law with the surface wind speed approximated by the speed at level-3 is employed
for the stress at o = 1. Therefore the surface drag is:

(10)

—gp*Cp|vs|vs

p*(F’UdFU): 60’3

(11)

where vs is the horizontal wind vector at level-3 and dos is the depth of boundary layer.
The drag coefficient, Cp, is defined to be 3 x 10~2 and the surface density, p*, is set to a
standard value of 1.10 kg m~3.

For the CP-grid, the sensible and latent heat fluxes at the air-sea interface are given
by

_ 9CE|vs|p™(gsea — 931)

*F —
L 0.5003 ’
QCIJCE|V3|P* (Tsea - Tsl)
*Fou = 2 12
b Fsn 0.5003 (12)

where F; and Fsy are the latent and sensitive heat fluxes added per unit mass and time at
level 3%. The exchange coefficient, Cg, is assumed to be the same as Cp. The sea surface
temperature is taken to be 28°C. Because T} 1 represents the average temperature between
level-3 and level-3%, the sensible and latent heat fluxes are averaged over half the depth of
the boundary layer.

The sensible and latent heat fluxes for the L-grid model at the midlevel of the boundary
layer are calculated from the expressions:

PF, = gCEIV3|P§* (¢5ea — 93)
o3

_ ngCE|V3|P* (Tsea - surface)
do3

p"Fsu

(13)

As in Anthes (1972)’s formulation, the contributions from F; and Fsg are used to
increase the entropy in the boundary layer. It is assumed that the boundary layer is well
mixed so that the specific humidity and potential temperature are uniform in the vertical
within the boundary layer. Therefore g3 is used to represent the surface layer specific
humidity, and Tsur face is calculated at a level 3.30 mb above the surface.

(e) Boundary, initial conditions and subgrid-scale diffusion

The following is a brief summary of model characteristics, details of which can be
found in ZSU:

e The calculations are carried out in a zonal channel with rigid walls at y =+Y and
periodic boundary conditions at x = +X. It is assumed that there is no motion normal
to the meridional boundaries (i. e. v =0 at y = +Y") and that meridional gradients are
zero at these boundaries (i.e. d(u, 8, ¢)/0y =0 at y = £Y"). The computational domain
size is 2000 x 2000 km and the grid resolution is 20 km.
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The initial vortex is axisymmetric and barotropic with a maximum tangential wind
speed of 15 m s~! at a radius of 120 km.

The initial mass and geopotential fields are obtained by solving the inverse balance
equation.

The far-field temperature and humidity structure are based on the mean West Indies
sounding for the hurricane season (Jordan 1957).

Horizontal variations of specific humidity in the presence of the initial vortex are ne-
glected.

The surface pressure in the environment is 1015 mb, and the minimum surface pressure
at the vortex centre is initially 1008 mb.

A fourth-order horizontal diffusion term Dy = —k; V4 is added to all prognostic equa-
tions with a diffusion coefficient k1 = 0.0008A*, where V}, is the horizontal Laplacian
operator and A is the horizontal grid spacing. This subgrid-scale diffusion is used to fil-
ter out the energy in high frequency waves. At the boundaries, a second-order diffusion
term Dy = k2V3y is applied with k2 = 0.0008A2.

6. COMPARISON OF RESULTS USING THE CP-GRID AND L-GRID

We compare here the results of two calculations on the f-plane, one using the L-grid

and the other using the CP-grid. The vertical differencing in the L-grid model is based on
the method proposed by Arakawa and Suarez (1983) and is described by ZSU.

Figure 3.
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Figure 3 compares the maximum wind speed in the boundary layer for the two cal-

The maximum wind speed in the boundary layer in the L-grid (curve labelled 1) and CP-grid

culations and would appear to indicate that vortex evolution is quite similar. With the
CP-grid, the vortex begins to intensify about 10 h earlier than with the L-grid because
saturation occurs earlier in the core region. In the mature stage, the maximum wind speed
is about 5 m s~! larger than with the L-grid, but the fluctuations in intensity are larger in
the latter case. The differences during the mature stage can be attributed to the difference
in the asymmetries that develop in the two calculations (see subsection (b) below). More
detailed comparisons of the two calculations are discussed below.
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The processes involved in the vortex evolution using the L-grid are discussed at length
in ZSU: only the salient features are described here. During the gestation period, which
lasts for about 24 h, the vortex slowly decays on account of the frictionally-induced diver-
gence in the lower troposphere (middle layer) and the associated ascent leads to a cooling
and moistening of the middle and upper layers in the core region. Eventually, saturation
occurs on the grid-scale in the inner core region in the middle and upper layers and the
accompanying latent heat release creates positive buoyancy. In turn, the buoyancy leads
to convergence in the middle layer, dominating the frictionally-induced divergence in this
region (see Smith 2000, section 2). The period of rapid deepening (between 24 h and 30 h)
begins with the occurrence of grid-scale saturation. A similar pattern of evolution occurs in
the calculations with the CP-grid, but there are notable differences in the temperature fields
that develop in the two calculations and in the asymmetries. We examine these differences
in the next two subsections.

(a) Temperature field

Figure 4 compares time-radius plots of the azimuthally-averaged potential tempera-
ture deviation at the three model levels at which the temperature is predicted in the two
calculations (note that these levels are a little different in the two grids). We consider first
the calculation for the L-grid (left panels in Fig. 4). After 30 h, the vortex reaches a mature
stage with a warm core in the upper and middle layers indicated by a positive potential
temperature deviation. The highest temperature anomaly is about 16°C at 48 h in the top
layer and about 6°C in the middle layer. After the vortex reaches maturity at about 30
h, the warm anomaly in the top layer extends progressively outwards on account of radial
advection in this layer: for example, the 8°C temperature anomaly contour reaches a radius
of 350 km after 60 h. A striking feature of the calculation is that during the same period,
a cold anomaly forms in the middle layer in an annular region from 100 km - 300 km with
a corresponding warm anomaly in the boundary layer and these spread outwards at about
the same rate as the warm anomaly in the upper layer. Note also that the warming in
the middle layer in the core region is accompanied by cooling in the boundary layer under
the eye region, despite the presence of sensible heat fluxes from the ocean surface (which
will be spuriously enhanced by the low temperature anomaly). This zigzag pattern in the
potential temperature anomaly during the mature stage is reminiscent of the behaviour of
the computational mode in temperature described by AK and Hollingsworth (1995) and it
begins to develop when latent heat release occurs. Additional support for the hypothesis
that these structures are a manifestation of the computational mode is provided by an
examination of the corresponding vertical velocity fields.

The left panels of Fig. 5 show the evolution of the azimuthally-averaged vertical
o—velocity () at levels 11 and 23 for the L-grid calculation. Ascent in the core region (the
innermost 100 km) increases rapidly after 24 h, and there is comparatively weak subsidence
outside this region and along the axis, the latter indicating the attempt of the model vortex
to form an eye-like feature, despite the relatively coarse radial grid-spacing of 20 km. The
negative temperature tendency in the middle layer outside the core region is inconsistent
with the subsidence that occurs there and is a strong indication that the computational
mode is involved.

The temperature fields in the calculation with the CP-grid (right panels of Figs. 4)
have a similar structure to those with the L-grid during the gestation period, but, as noted
above, grid-scale saturation and vortex intensification occur 10 h earlier in this case. As
the vortex starts to rapidly intensify, the warm potential temperature anomaly at all three
levels remains mainly within region of radius of 150 km, and does not spread out in the top
layer as it does with the L-grid. Moreover, there is no indication of any zigzag pattern in its
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Figure 4. Potential temperature deviation in the top, middle and boundary layer (levels 1, 2 and 3,

respectively) in the L-grid calculation (left panels, contour intervals are 1 °C)) and at levels 1%, 2% and

3% in the the CP-grid calculation (right panels). [Contour intervals are 2 °C at levels 1%, 2% and 1 °C
at level 3%)
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Figure 5. Vertical o-velocity, &, at levels 11 and 2. Contour interval is 4 x 1075 s~1. Left panel are
for the L-grid calculation, right panel for the CP-grid calculation. The negative values, which indicate
ascent, are dashed.

vertical structure. The vertical velocity field in this case is quite similar to that in L-grid
(right panels of Fig. 5), but now the temperature field is consistent with the vertical motion.
The foregoing results are in agreement with those from comparisons of the two grids in the
idealized flows discussed by AK (see Figs. 3 and 4 of their paper) and Hollingsworth (1995,
Fig. 4),

Despite the evidence presented for the existence of a computational mode in the tem-
perature field in the calculation with the L-grid, the effect of this mode is small until
condensation and heat release occurs in the core region. The same is true also when a
convection scheme is included in the calculations (plots not shown). Thus the results pre-
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sented here do not detract from the principal results obtained by ZSU and Zhu and Smith
(2002), which focus mainly on the earlier periods of evolution. However, they have major
implications for using the ZSU model (and its forerunners discussed earlier) for studies of
the mature stage of a tropical cyclone.

(b) Development of asymmetries

ZSU showed that the fluctuations in vortex intensity during the mature stage of devel-
opment are associated with pronounced asymmetries of the vortex that begin to form when
the vortex starts to rapidly intensify. A preliminary study of these asymmetries indicates
that their structure depends, inter alia on the particular convection scheme chosen for the
calculations. We show here that the asymmetries are also strongly influenced by the choice
of vertical grid, a finding that is likely to be true of the asymmetries in other calculations,
such as those of Anthes (1972) and Kurihara and Tuleya (1974).

—10A

18h 30h 42h

N7

a b c

Figure 6. The temperature and vorticity structure in the middle layer at ¢ = 18 h, 30 h, and 42 h in

the L-Grid calculation. The contour intervals for the temperature field are 5 x 10~2 °C, 5 x 10~1 °(C,

and 2.0 x 10~! °C at t = 18 h, 30 h, and 42 h respectively. The contour intervals for the vorticity field
are 2x 1079571, 1x 1074 s !, and 1 x 107% s~ at t = 18 h, 30 h, and 42 h respectively.

Figures 6 and 7 show the development of the asymmetries in the temperature and
vorticity fields at the three chosen times in the middle layer for the calculations with the L-
grid and CP-grid. One common feature in both calculations is the azimuthal wavenumber-4
pattern about the vortex centre that begins to emerge prior to the period of rapid inten-
sification. ZSU hypothesize that the emergence of this asymmetry is associated with the
representation of an axisymmetric flow on a square grid, a result supported by the calcula-
tions of Nguyen et al. (2002). At 18 h in Fig. 6a, both the temperature field and vorticity
field are quite symmetric about the domain centre, except inside a radius of about 100 km,
where a wavenumber-4 pattern is evident. Figure 6b shows that there are wavenumber-2
asymmetries in both temperature and vorticity field at 30 h in this calculation. In the
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Figure 7. The temperature and vorticity structure at ¢ = 18 h, 30 h and 42 h in the calculation with

the CP-grid. The contour intervals for the temperature field are 2.0 x 10~! °C, 5.0 x 10~! °C, and

5.0 x 10~' °C at t = 18 h, 30 h, and 42 h, respectively. The contour intervals for the vorticity field are
25%x 1075571, 25 %x107% 57!, and 2.0 x 10~% s~! at ¢t = 18 h, 30 h, and 42 h, respectively.

temperature field, the wavenumber-2 asymmetry appears as two centres of low tempera-
ture outside an inner warm core. We noted earlier that a cold temperature anomaly forms
in the middle layer outside of the core region when the vortex starts to rapid intensify.
Figure 6¢c shows that the asymmetry at 42 h is similar to that at 30 h, but by this time
it has formed a wavenumber-1 component. A linear stability analysis of the initial wind
profile by the method of Weber and Smith (1993) shows that it is barotropically unstable
to a disturbances of azimuthal wavenumber-2, but the e-folding time scale of this mode is
on the order of 66 h, while the wavenumber-2 asymmetry in the L-grid calculation starts
at the same time when the vortex core is saturated, which is about 24 h. Therefore it is
possible that the zigzag temperature pattern associated with the computational mode in
the L-grid has an effect on inducing the wavenumber-2 asymmetry instead of the dynamic
instability, and that it contributes to communicating the wavenumber-2 asymmetry down-
wards to the lower layers. In contrast, with the CP-grid, the vortex is quite symmetric and
a wavenumber-4 asymmetry predominates during the gestation and rapid intensification
stages. In this calculation, the positive potential temperature anomalies remain essentially
in the core region, and the amplitude of the wavenumber-2 component of asymmetry is
much less than in the case of the L-grid. So far we do not have an explanation for why
there should be such a profound difference between the asymmetries in the calculations
with the L-grid and CP-grid, but the mere fact that such a difference exists is significant
and suggests caution in the interpretation of the results from the earlier studies discussed
below.

Anthes (1972) and Kurihara and Tuleya (1974) studied also the development of asym-
metries in calculations for an initially axisymmetric vortex on an f-plane in an environment
at rest. Both these studies employed the A-grid described in section 2. As in our L-grid
calculation, they found that azimuthal wavenumber-4 is the main feature in the early stage
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of development and that wavenumber-2 asymmetries appear with the onset of grid-scale
latent heat release. Anthes (1972) found that during the early (symmetric) stage, the vari-
ance of any quantity is small and that wavenumber-4 accounts for nearly all the variance.
He attributed this asymmetry to artificial aspects of the irregular boundary in his model.
At a later stage, with the rapid growth of the variance, wavenumbers-1 and -2 became
its dominant contributors. Anthes (1972) showed that the mechanism for the growth of
the asymmetries is the barotropic conversion of mean azimuthal kinetic energy to eddy ki-
netic energy, while Kurihara and Tuleya (1974) found that baroclinic as well as barotropic
energy conversions account for the asymmetries in their model. Both papers investigated
the spiral rain bands that form in the mature stage of their tropical cyclone simulations.
These bands rotate cyclonically about the storm center while propagating outwards and
were presumed to be internal gravity waves modified by latent heat release. However all
three authors admitted that the mechanism for the spiral bands is unknown, noting that
there does seem to be an interesting, although obscure relationship between the bands and
the asymmetries. Kurihara and Tuleya (1974) plotted the distribution of temperature field
at the mature stage, showing that the front part of the band is relatively warm, while the
rear part of the band is cooler. The situation in the upper troposphere is opposite to that
at lower levels. Arakawa and Moorthi (1988, p1692) pointed out that the computational
mode in temperature is still present with the A-grid, a fact that raises the possibility that
the wavenumber-2 and wavenumber-1 asymmetries in Anthes and Kurihara and Tuleya’s
studies may be associated with the computational mode in temperature also.

(¢) Radiative cooling effects

The excellent discussion of radiative effects in hurricanes by Anthes (1979) indicates
that the radial extent of the secondary circulation of a mature hurricane may be expected to
be strongly influenced by radiative cooling in the surrounding clear-air environment. In their
model, Rotunno and Emanuel (1987) assume a Newtonian relaxation time, 7 = 12 h, which
yields a cooling rate in the outer regions of approximately 2 K d~!. They argue that this is
enough to balance the gentle, but persistent subsidence in the outer regions of the vortex.
The same value for 7 was used by Emanuel (1989, 1995) and ZSU. Rotunno and Emanuel
note, however, that with this value, the cooling rate becomes unrealistically large in the
central region where potential temperature becomes significantly larger than the reference
value. Both Rotunno and Emanuel (1987) and Emanuel (1989) carried calculations with
less radiative cooling and also without it, and found that the temperature anomaly expands
to a larger radius than in the corresponding control run.

Some authors would claim that the 12 h time scale for Newtonian cooling is too short:
for example the study by Mapes and Zuidema (1996; see Fig. 15b) suggests that it should
be about 10 d, which is the value chosen by Arakawa and Moorthi (1988). For this reason
we chose 7 =10 d in this paper.

The left panels of Fig. 8 show the potential temperature deviation at the level-1 and -2
in the calculation with the L-grid when 7 is set to be 12 h (cf. Fig. 4, two upper left panels).
It is clear that the radial spread of the temperature anomaly at the top layer is less than
in the case of 7 = 10 d . For example, the 8°C temperature anomaly contour is at about
150 km after 60 h of integration, compared with about 300 km in the calculation with 7 =
10 d. As a result, the cold temperature anomaly within the radius of 100 - 200 km in the
middle layer is less than in the case of 7 = 10 d. Therefore the strong radiative damping
suppresses the computational mode in the L-grid model. It should be noted that Rotunno
and Emanuel (1987)’s model uses the L-grid as well and the expansion of the vortex in
their calculation without radiation cooling might be associated with the computational
mode, even though their model has a higher vertical resolution compared with ours (20
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grid distances in the vertical compared with 3). This may explain why it is necessary to
have a strong radiative cooling (7 = 12 h) to keep the vortex from expanding.

In contrast, the time-scale for the radiative cooling has less effect on the vortex evolu-
tion in CP-grid model. The right panels of Fig. 8 show the potential temperature deviation
at the levels 11 and 21 in the CP-grid calculation when 7 = 12 h. In comparison with the
upper two right panels of Fig. 4, the strength of the warm core is reduced by the stronger
radiative cooling, but there is no obvious difference in the radial temperature structure.
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Figure 8. Potential temperature deviation at levels 1 and 2 in the L-Grid calculation (left panel, contour
interval 1 °C.) and at levels 11 and 23 in the CP-Grid calculation (right panel, contour interval 2 °C).
The time scale for Newtonian cooling, 7, is 12 h. (Compare with Fig. 4)
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7. CONCLUSIONS

The minimal hurricane model developed by ZSU has been reformulated on a Charney-
Phillips vertically-staggered grid and the results of calculations with a simple explicit rep-
resentation of moist processes have been compared with those of the original model, which
employs the Lorenz-grid. While there is not much difference between the two calculations
during the early stages of evolution, the calculation on the L-grid shows evidence of the
development of the computational mode in temperature when latent heat release occurs in
the inner core of the developing vortex. The existence of this mode raises questions about
aspects of the vortex structure during the mature stage of development as well as the struc-
ture of the asymmetries that develop during this stage. The same questions could be raised
concerning the results of most earlier studies of the evolution of asymmetries in hurricanes,
where the models used employ a vertical-staggered grid that also permits a computational
mode in temperature.

Use of the CP-grid with the conservative finite-difference scheme worked out by Arakawa
and Konor (1996) appears to avoid the problems of the L- and A-grids and the asymmetries
that form during the mature stage of development are more consistent with expectations in
a flow on an f-plane emerging from axisymmetric initial conditions, assuming that dynam-
ical instabilities are not involved. Weak azimuthal wavenumber-4 asymmetries are present
during the gestation period in both models and appear to be related to the representation
of a circular flow on a square grid as the initial vortex profile, at least, is barotropically
stable to this wavenumber. In the L-grid model, an azimuthal wavenumber-2 pattern de-
velops during the period of rapid intensification as the zigzag temperature pattern appears
out of the core region and later, the asymmetry acquires wavenumber-1 components as has
been seen in some of the earlier calculations. With the CP-grid, the warm core is much
more confined in radius and the wavenumbers-1 and -2 components that develop later in
the integration are much weaker in amplitude.
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APPENDIX

8. DISCRETE EQUATIONS

Referring to the notation of Fig. 2, the discrete form of the continuity equation is

ap* . 1 . - * -
o +V-(p*v) + m[(ﬁ g1z — (@7 6)i—12] =0 (1=1,2,3),

where (Ac); = 0y41/2 — 0;_1/2 and the boundary conditions on ¢ are

(P70)1 = (p70)31 = 0.

The discrete form of the thermodynamic energy equation is

a Cp . .

— * T . X T I SR T X _ T *

57 wlit1/2 + V- [(p*V)iy1/2epTi41/2] + 60)is1s [(Tp*d)i41 — (Tp*5)]
=@ aw)it1/2 + (P Q6)i+172 (1=1,2),

where
1
* — 5 * 6 *
(P*V)i41/2 060) 1212 [(6)i(p™ ) + (90)141(P™)141]

and (60);41/2 = 0.5[(60); + (60)141]-

In Eq. (A.3),

1 . ¥ -
(I'p* o) = 5[T1—1/2(P*U)l+1/2 +Tq1y2(0*0)i—1/2] (1=1,2,3),

and
RT, !
* l+1 2 * * *
(0" aw)ip1ss = — L2 [p* x D V- (0"Ve) B0k + B VIiaya - Vo] (1=1,2).
Pit1/2 1
At the upper and lower boundaries,
9 PTY o o)a = (o
P Ty + V- [(P"V)16T] + (Ja)l(p o)z =" Qo)1
and

CpT3 1

8 * * 2 *
a(l’ CPT3%) +V-[(p V)3CPT3%] - m(l’ U)Q%

=(praw)z1 + (P" Qo)1
In the previous equation,

RTy;

3
(2" Y V- (0" vi)(@0)i + (0" V)3 - Vpgy].
k=1

(p'oaw);1 =
31 Ps

The moisture equation takes the discrete form

9 1
— n* vV - * - * s s
p A ESVERS (P V)i41/2Q41/2] + i [(p"qd)14+1 — (P q0)i]

=(@"Qqlit12 (1=1,2),

where (p*v),1 and (d0), +1 is the same as the thermodynamic energy equation and
3
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(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

(A.10)
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. 1 . .
(p796)1 = glp*q_ 1611 +P 9, 16,1 1],

(A.11)

where the value of ¢ and ¢ at the half levels are simply interpolated by an arithmetic average.

At the upper and lower boundaries,
q1
3
(do)1

)
a(p*q%)+v-[(p*V)1q%]+ (p*f'f)g :(p*Qq)%,

and

6 * * 3% * v
0P 9sy) TV LFTV)edgy ] = RS (7 0)oy

The discrete form of the hydrostatic equation is

(pl+% - pz—%)RTH%

D — Py = 1=12).

Wiy
At the lower boundary,

— T,
(p3% p2%)R 3l

Pz — P
3 2113%

L =
33

The equation for the vertical c— velocity takes the discrete form

l 3
G SV VRGN YV (=1,2),

k=1 k=1

At the upper and lower boundaries, (p*&)1 = (p*6);1 = 0.
2

1
)

The horizontal pressure gradient force is simply calculated by,

*(Vp@)l:*(vo-@)l *(%V})*)l (121,2,3),

a formulation in which mass conservation is satisfied also.
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(A.14)
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(A.16)

(A.17)



