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ABSTRACT

The interaction of binary tropical cyclones (TC) is investigated using a coupled TC—ocean movable nested-
grid model. The model consists of an eight-layer atmospheric model in the sigma coordinate system and a three-
layer primitive equation ocean model. There are five meshes in the TC model. The outermost domain (3840 km
X 3840 km) is motionless. For the description of each TC in a TC pair, two telescopically nested meshes of
finer resolution are used. The pair of the middle (1600 km X 1600 km) and innermost (800 km X 800 km)
meshes move with the center of a corresponding TC. The space increments of the outermost domain and the
middle and finest meshes are 160, 80, and 40 km. The oceanic domain contains 107 X 107 grid points, with the
spatial increment of 40 km. In ail numerical experiments a pair of equal strength axisymmetric vortices was
located. at different separation distances.

Experiments show that the rate of development of interacting TCs is different, mainly due to the difference
in the velocities of TC movement. There is a “‘critical>’ separation distance between the centers of TCs, so that
in case the separation distance is less than this critical value, attraction and merger of the TCs were observed.
The critical separation distance depends on the structure of the vorticity field created by the binary TCs. Because
of the changes in the structure of a TC during its life cycle the critical separation distance should also change.
Two mechanisms related to the mutual vorticity advection and to the activity of irrotational velocity components
seem to contribute to the attraction and repulsion of binary TCs.

The impact of the TC—ocean interaction on the evolution and trajectory of binary TCs is much stronger than
in the case of a single TC. A decrease in TC strength is related not only to a TC response to seawater cooling
caused by the TC itself but also to the crossing of the cold water wakes created both by the other TC and by
the TC itself. A decrease in strength leads to a decrease in thé mutual rotation velocity and, consequently, to a
marked change in the trajectories of each of the interacting TCs. Changes in the structure of binary TCs caused
by the TC-ocean interaction lead to an increase of the critical separation distance. Binary TCs cause seawater
cooling over vast ocean areas and lead to the formation of a spotted sea surface temperature pattern.

1. Introduction

It is a well-established fact that some tropical cy-
clones, especially those developing in the western and
eastern North Pacific, exist simultaneously within var-
ious separation distances (Fig. 1) (Gray 1979; Khain
1984). Nearly one-third of all tropical cyclones in the
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western Pacific region during 1984 had a period of in-
teraction with another cyclone (Neumann 1993). In-
teractions between two tropical cyclones frequently
cause complicated storm motions (loops, sharp changes
of direction, and translation speed). Large forecast er-
rors are usually associated with an incorrect assessment
of these situations (Brand 1970; Neumann 1981). Er-
rors of 1850 km or more at 72 h may eccur in these
cases (Elsberry 1993). During the interaction, the cir-
culation of one cyclone becomes the steering flow for
the other cyclone, and vice versa. As a result, two vor-
tices often rotate around an intermediate point. This
effect in case of decrease of distance between cyclones
is commonly known as the Fujiwhara effect (Fujiwhara
1921). Mutual rotation is usually a cyclonic one, but
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FiG. 1. Satellite picture of Troplcal Cyclones ] Ione ( 13 8°N, 142. 2°W) and Kirsten (upper, right)
1749 UTC 24 August 1974. Distance between lines 10°. Tropical cyclones are located in the
vicinity of Guam.

cases of anticyclonic rotation of a éyclone pair are also
observed (Dong and Neumann 1983; Pokhil 1990).
During the interaction period, binary vortices can
merge or move away depending on the storm structures
and intensities and the distance of separation. The lit-
erature on interaction of two tropical cyclones is rather
limited. Theoretical and numerical studies were pri-
marily performed by using nondivergent barotropic
models (Khadekar and Rao 1971; DeMaria and Chan
1984; Pokhil et al. 1990; Chan 1993; Ritchie and Hol-
land 1993). These studies were primarily concerned
with mutual attraction or repulswng)etween binary vor-
tices. Chang (1983) compared the interaction between
vortex pairs in a barotropic model to those in a three-
dimensional baroclinic model in which a prescribed
heating source was. specified to maintain the tropical
cyclone intensity. No mutual attraction was found be-
tween barotropic vortices in any experiments per-
formed in which the initial separation distances were
equal to 300 km or greater than 300 km. In the baro-
clinic model, however, binary cyclones merged if they
were initially separated by a distandce of less than 1000
km. Chang concluded that the dlvergent component of
the winds in the baroclinic model was responsible for
the mutual attraction of the vortex pair. DeMaria and
Chan (1984) in their comments on Chang’s (1983)
results suggested that the interaction of a vortex pair

can be explained from the vorticity advection point of
view alone. Whether two vortices will merge or move
away depends on the vorticity distribution of the com-
bined system. According to DeMaria and Chan (1984),
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FIG. 2. Vertical structure of the atmosphere—ocean coupled model.
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two cyclonic vortices rotate cyclonically around each
other due to the advection of the vorticity field asso-
ciated with one vortex by the tangential winds of an-
other vortex. The interaction of the tangential wind and
vorticity fields can lead to either a decrease or an in-
crease of the separation distance, depending on the sign
of the vorticity gradient of the one vortex at the center
of another one. DeMaria and Chan (1984) demon-
strated that merger occurred (did not occur) if the sep-
aration is less (more) that a ‘‘critical’’ distance d.,.
They assumed that d; is equal to the distance from the
vortex center to the minimum of the radial vorticity
profile r.. DeMaria and Chan explained the absence of
mutual attraction of barotropic vortices in Chang’s sim-
ulations by the fact that the initial separations of the
vortices was greater than r.. Pokhil et al. (1990)
showed that the critical separation distance depends on
the initial tangential wind profiles in binary vortices.
They used two types of radial distribution of the tan-
gential velocity. In both cases the critical separation
distance was about 1.5 times greater than the values of
r. predicted by DeMaria and Chan (1984).

All studies discussed above were conducted on an f
plane and without a background flow. Recently Chan
(1993) performed numerical simulations of binary vor-
tices interaction on the beta plane with and without
background flow using a nondivergent barotropic
model. He concluded that the two vortices can be con-
sidered as a single system that moves toward the north-
west due to the beta effect while they interact with each
other. The interaction between vortices was found to
be almost unaffected by the beta effect. Imposing a
background flow with linear zonal shear on a pair of
cyclonic vortices led to modification of the rotation rate
of the vortices.

In the present work we continue to study the inter-
action of two tropical cyclones using a three-dimen-
sional coupled atmosphere —ocean model. This study is
different from Chang’s (1983) work in three ways.
First, the intensity and structure of the cyclones in a
pair can freely change according to specified environ-
mental conditions. Second, the evolution and motions
of cyclones are considered on the beta plane. Third, the
interaction with the ocean is included. It is a well-es-
tablished fact that the sea surface temperature (SST) is
a crucial parameter for a tropical cyclone development.
Numerical models indicate a great sensitivity of the
storm intensity to the SST, especially near the storm
core (e.g., Chang 1979; Khain 1980; Tuleya and Ku-
rihara 1982; Emanuel 1989). Numerous observational
and numerical studies show rather strong sea surface
cooling caused by rapid entrainment of cool thermo-
cline water into the oceanic mixed layer induced by an
intense wind stress under tropical cyclones. A typical
SST decrease is found to range from 1° to 6°C in re-
sponse to hurricanes (Leipper 1967; Black 1983; Shay
et al. 1992) and typhoons (Ramage 1974; Ivanov and
Pudov 1977). The reduction of evaporation caused by
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the SST decrease may lead to substantial weakening of
a TC. Recent numerical studies ( Khain and Ginis 1991;
Bender et al. 1993; Falkovich et al. 1993a,b) indicate
that intensity, structure, and even tracks of tropical cy-
clones may be significantly modified by the interaction
with the ocean. Ocean coupling is expected to be even
more pronounced during binary tropical cyclone inter-
action since in this case one cyclone might move over
the cold wake produced by another cyclone.

In order to keep sufficiently fine resolution within
the cyclone core regions and also to trace the storm
evolutions for longer period of time (4 days), a mov-
able nested five-grid system is designed in this study.
The main objective of the present paper is to report the
results of a numerical investigation of the binary cy-
clones—ocean interaction using the coupled tropical cy-
clone—ocean model. The primary questions addressed
to this study are the following.

¢ What are the major features of storm development
during the interaction of two tropical cyclones?

* Which conditions control the attraction (or repul-
sion) of the tropical cyclones in a pair?

* What is the role of the tropical cyclone—ocean in-
teraction in the processes mentioned above?

The paper has a following structure. The description
of the coupled model is given in section 2. The nu-
merical framework of the coupled model is presented
in section 3. The results of numerical experiments are
considered in section 4. We discuss the obtained so-
lutions in section 5. The conclusions and summary can
be found in section 6.

2. The coupled tropical cyclone—ocean model

The coupled tropical cyclone—ocean model used in
this study consists of an eight-level atmospheric model
and a three-layer ocean model (Fig. 2). In this section
we will briefly describe the main features of the at-
mospheric and oceanic models.

a. The tropical cyclone model

The atmospheric model is based on the primitive
equation system in sigma coordinates on the beta plane
given as (Falkovich 1988)

Lo+ B o2 prirz )
§+ﬁ,+g_f+cpe%®=ﬂ'+m )
%Jf a(gxx) +8gyx) +3(65Ux) -0, (3)

%:Q+F§+F§, (4)
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d
L= —C+Fi+F;, (5)

g — =

do

where £ = p/1000, 0 = (L - 8. x =& — G, N
= RI/IC,, 0 = T¢"*, T, = T(1 + 0.61¢q), and d/dt
= 9/0t + ud/dx +vd/dy + S8/0o0.

Here u, v are the components of the velocity vector
in x and y direction, respectively; S is the vertical ve-
locity in sigma coordinates; 4 is potential temperature;
® is geopotential; g is the water vapor—air mixing ratio;
P is pressure; fis the Coriolis parameter at the beta
plane; R is the dry-air gas constant; C, is the specific
heat at constant pressure; F? and F? are the horizontal
and vertical turbulent fluxes of the ith variable (i = u,
v, 8, q); and Q and C are the rates of latent heat release
and condensation, respectively.

The term { is nondimensional pressure with the val-
ues of {; and {, at the lower and upper levels, respec-
tively. Here x and § are calculated as follows:

Ox _ _[ [0  9(wx)
o J‘o|: Ox dy ]da,
1 "Ta(ux) | 0(vx)
S—X{UJ; [__Bx +—-8y ]da

3(ux) 9(vx)
2220 o

The vertical structure of the model consists of eight
levels in the troposphere. Above the troposphere, an
isentropic layer placed as first suggested by Shuman
and Hovermale (1968). The isentropic layer is given
by the shallow-water equations written as follows:

_RTUX’ (6)

(N

L TR . N 1(3

at+,~a+ayf+ +C06x =0,
€))

L 0%; ah

at+ui8x+viay+ﬁ4i+ay+cp By =0,
(10)

9% 0% 9% Oui Qi _

o M Ty T Ty ) 0 UD

Here u; and v; are the components of the horizontal
velocity, 8 is the potential temperature of the layer as-
sumed to be constant and 10 K larger than the initial
value of potential temperature at the upper model level
in the troposphere. Thus, the upper part of the atmo-
sphere is always very stable. The results of supplemen-
tal experiments indicate that the isentropic layer helps
to reduce the vertical velocity near the upper boundary
and hence to decrease substantially the computational
noise. Condensation heating is calculated at resolvable
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grid scales (Rosenthal 1978; Khain 1979, 1988) so that
convection is hydrostatic but explicit. Horizontal tur-
bulent fluxes are parameterized using a nonlinear vis-
cosity scheme similar to that of Kurihara and Tuleya
(1974). The vertical turbulent coefficient is assumed
to be proportional to the vertical wind shear and is cal-
culated as in Khain (1979). All variables at the ane-
mometer level and the fluxes of sensible and latent heat
and momentum are calculated using the Deardorff
(1972) parameterization.

b. The ocean model

The ocean model is a reduced gravity, stratified
model that is described in detail in Khain and Ginis
(1991). It is based on momentum, heat balance, and
continuity equations written in the Boussinesq and
quasi-static approximations on the beta plane. The ver-
tical structure of the model efficiently represents an im-
portant feature of the upper ocean involved in the re-
sponse to TC forcing: the surface mixed layer and the
seasonal thermocline. The surface mixed layer is a tur- .
bulent boundary that exchanges momentum and heat
with the atmosphere at its surface and with the ther-
mocline at the base. Normally the mixed layer is well
mixed and, therefore, vertically uniform in tempera-
ture. The second layer (seasonal thermocline) is con-
tinuously stratified. The shape of the vertical tempera-
ture profile is given in the form of a nondimensional
function that can be arbitrarily specified. For the cal-
culations discussed in the present study, the tempera-
ture profile in the thermocline is specified in the form
of the parabolic function. The interfacial (transition)
layer with a sharp change of temperature at the base of
the mixed layer is modeled by a discontinuity surface.
The third layer is an abyssal layer of infinite depth and
is assumed to be motionless and uniform in tempera-
ture. This is a common simplification for a reduced
gravity model that is appropriate for studies of ocean
response to a TC in the open ocean far from the coast-
lines. The horizontal velocity vector is assumed to be
vertically uniform within each layer. The vertical tur-
bulent mixing is the only subgrid-scale process treated
in the model. As it has been shown in the previous
studies (e.g., Price 1981; Ginis and Dikinov 1989), this
process largely contributes to the ocean response to a
hurricane forcing and, therefore, must be accurately
parameterized. Three mechanisms of the turbulent ki-
netic energy production in the mixed layer are usually
invoked: near-surface wind-driven shear, velocity
shear at the base of the mixed layer, and convection
due to the surface buoyancy fluxes. In a layered model
the turbulent mixing is represented by the rate of en-
trainment of the thermocline water into the mixed layer.
In the present work we use a multilimit entrainment
model, developed by Deardorff (1983), that utilizes
combined forcing effects of the mixed-layer turbulent
production.
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3. Numerical design
a. Mesh structure and numerical method

The configuration of mesh nesting in the atmosphere
model consists of five meshes (Fig. 3). The outermost
mesh has 3840 km X 3840 km size and 160-km grid
spacing. Each tropical cyclone in the pair has two tel-
escopically nested meshes of 1600 km X 1600 km and
800 km X 800 km sizes with grid spacings of 80 and
40 km, correspondingly. The specification of the
boundary conditions at the interfaces between the
meshes is based on the radiation method originally pro-
posed by Orlanski (1976) and modified by Raymond
and Kuo (1984) for multidimensional flows. The ra-
diation boundary condition utilized in the present study
is a two-dimensional type adjusted by Falkovich and
Kulakov (1986) and Falkovich (1986) to the Lax—
Wendroff time-integration scheme. It should be noted
that the fundamental requirements for application of the
radiation method, as pointed out by Pekelis and Press-
man (1982), are that 1) one wave should predominate
in some time—space vicinity of every grid point near
the boundary; 2) the phase velocity of this wave should
be a slowly changing function of time and space; and
3) the phase and group velocities need to have the same
sign in the vicinity of the boundary. In order to satisfy
these conditions in the present numerical scheme, the
difference of the solutions in the two adjacent meshes
of fine and coarse resolutions is radiated through the
mesh interface. Specially designed test experiments
(Falkovich 1986) indicate that this method allows long
gravity waves to propagate through the boundaries be-
tween the computational domains of different resolu-
tions with very small distortions.

The nested-mesh system considered in this study be-
longs to a class of two-way nesting systems. That is,
the time integration proceeds simultaneously for fine-
and coarse-resolution meshes so that the adjacent do-
mains interact dynamically with each other. The nu-
merical scheme is designed in such a way that the
meshes of different cyclones can cross each other. In
this case, the boundary conditions are calculated only
at the external boundaries of both meshes. For each grid
point in the area common for two overlapping domains,
the meteorological variables are assumed to belong to
that tropical cyclone whose center is located closer to
the grid point. The outermost mesh is motionless, while
the internal nested meshes move with the correspond-
ing cyclone. The movement of internal nests is de-
signed as follows: when the storm moves by two space
increments of the innermost mesh in any direction, it
is displaced by one space increment of the middle mesh
in the same direction. When the innermost mesh moves
by two space increments of the middle mesh, the mid-
dle mesh is displaced by one space increment of the
outermost mesh. After each displacement, the values of
meteorological variables at the two grid rows nearest
to the boundary in the direction of the movement are
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800 km

1600 km

3840 km

FIG. 3. The mesh configuration in the tropical cyclone model.

obtained by linear interpolation of the values at the
coarse grids.

The time integration is performed with different time
increments for each integration domain that are equal
to 6, 3, and 1.5 min, respectively, for the outermost,
middle, and innermost domains. The rules defining the
order of time integration are similar to the ones used
by Kurihara et al. (1979). A version of the Lax—Wen-
droff scheme proposed by Pressman (1968) is applied
for the time integration at each time step. In this scheme
the staggering is used both in horizontal and vertical
coordinates.

The oceanic domain contains 107 X 107 grid points
with the grid spacing of 40 km. The finite-difference
equations for the ocean model are formulated on the
staggered Arakawa B grid. The time integration is per-
formed based on a splitting method developed by Mar-
chuk (1982) with the time increment of 30 min. Ginis
and Sutyrin (1995) demonstrate how the splitting
method can be effectively applied for the integration of
the layered model equations.

b. Initial conditions and the sequence of
computations

In all numerical experiments discussed in this paper,
a pair of equally strong axisymmetric vortices of the
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Fiorino and Elsberry (1989) type is placed at varies
separation distances d. The radius of the maximum
winds R is equal to 120 km. Initial vertical distribution
of the maximum tangential velocity is specified as v,
= 15ms~' X (1 — z/16 600), where z is the height
in meters. The highest model level is initially located
near 100 mb, which corresponds to £, = 0.1. The Jor-
dan (1958) mean vertical temperature profile typical of
the tropical atmosphere in a hurricane season is used
initially. Relative humidity in the lower troposphere is
set to be 95%, and the SST is set to be 301 K.

Note that according to Emanuel’s (1991) theory, the
maximum potential intensity of TC (the potential min-
imum sea surface pressure) can be evaluated as a little
less than 900 mb.

The ocean is initially horizontally homogeneous and
quiescent. The depths of the mixed layer and the ther-
mocline are equal to 30 and 500 m, respectively. The
temperatures at the top and bottom of the thermocline
are 26.5° and 10°C.

The order of computations of the coupled model is
as follows: during the period of one time step in the
ocean model, the TC model is integrated using its own
time steps for different meshes while the SST remains
unchanged. The net heat flux (sensible and latent
fluxes) and the wind stress calculated in the atmo-
spheric model are then passed into the ocean model for
the next sequential step to modify the thermodynamic
structure of the ocean. New SST values, obtained as a
result of ocean mixing, upwelling, and evaporation
from the sea surface, are used in the subsequent inte-
gration of the TC model. In this way the ocean influ-
ences the TCs through the heat and moisture fluxes at
its surface.

4. Results of numerical experiments

As indicated before, the purpose of this study is to
investigate the evolution and motion of binary tropical
cyclones and the possible influence of the ocean cou-
pling on the behavior of the pair of storms. To accom-
plish this task we conducted a series of numerical ex-
periments (hereafter referred to as AQO) with the cou-
pled atmosphere—ocean model described in the
preceding sections. In an attempt to isolate the oceanic
effects, we additionally performed simulation experi-
ments in which SST was fixed to a constant value
(these experiments are hereafter referred to as A). The
comparison of the coupled and uncoupled experiments
helped to determine how much of the alteration of the
storm structure and movement in the pair was due to
the effect of ocean interaction.

In all of the experiments discussed below, two iden-
tical vortices were initially separated by a specified dis-
tance (Table 1). The vortices were initially located at
20°N for most of experiments. In two model integra-
tions, that is experiments A2 and AQ2, binary vortices
were initially located in the northeast—southwest direc-
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TABLE 1. Summary of the numerical experiments.

Separation
distance (km) Minimum
- surface Time of
Experiment t=0 t=96h pressure (mb) merging
AF 320 528 Y oo —
Al 320 500 b oo —
AOl 320 524 o —
A2 450 528 o -
AO2 450 740 ¥ —
A3 280 0 s t=79h
AO3 280 592 o —
A4 240 0 ¥ oS t=31h
AO4 240 0 v ggg t=31h

tion with the midpoint located at 20°N. As seen in Table
1, the initial distances between the storms are rather
short (about 300 km) compared with the average sep-
aration distance of 1000 km observed by Lander and
Holland (1993). However, they are longer than the
minimum separation distance of 180 km found by
Dong and Neumann (1983). The initial distances in
Table 1 also correspond well to the numerical studies
of Ritchie and Holland (1993) and Holland and Die-
tachmayer (1993 ), who found that the behavior of bi-
nary storms was mutually depended when the separa-
tion distances were about 300 km. In order to compare
the evolution of the storm pair on the fand beta planes,
a constant Coriolis parameter was used in one of the
experiments, which we call experiment AF. In all other
cases presented here the beta-plane approximation is
assumed. In this section we will discuss some of the
interesting features related to the storm tracks and
structure revealed in the experiments performed. In the
following discussion, for the sake of convenience, we
shall refer to the vortex initially located to the west (or

east) by the letter W (or E).

a. Experiment on the f plane

We begin the discussion with noninteractive exper-
iment AF in which the Coriolis parameter was set as a
constant. The storm tracks for this experiment are
shown in Fig. 4. Since each storm moved only in the
steering flow induced by the circulation of the other
one, the storms moved cyclonically around their inter-
mediate point. The translational speeds of the storm
increased for about 60 h. This is apparently related to
the fact that both storms undergo a rapid deepening due
to very favorable environmental conditions. The trop-
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FiG. 4. The tracks of binary tropical cyclones in experiment AF.
The storm W is shown by the solid line, storm E is shown by the
dashed line. Numbers on the curves denote tlme (h) and minimum
surface pressure (mb).

ical cyclones in this experiment reveal nearly symmet-
rical evolution. The time series of minimum sea surface
pressure for storm W is illustrated in Fig. 5. After an
adaptation period of about 6 h, storm W began to
quickly intensify and reached supertyphoon strength of
908 mb by 96 h. It should be pointed out that the struc-
ture of the tropical cyclones in all experiments dis-
cussed in the present paper corresponds fairly well to
the structure of real tropical cyclones. It is character-
ized by an inflow layer in the low troposphere, an out-
flow layer in the upper troposphere, and a warm core
surrounded by an eyewall with intense updraft.

As seen in Fig. 4, the two tropical cyclones were
moving slowly away from each other. The separation
distance between the storm centers increased from 320
km at = 0 to 528 km at = 96 h. It is interesting to
note that after about 60 h of integration, the transla-
tional speed of both storms remained almost the same
until the end of integration despite the cyclones’ con-
tinued deepening (Fig. 5). This is probably related to
the fact that for the larger separation distances, the bi-
nary storms found themselves in weaker steering flows
due to the decrease of the tangential winds with radius.
The nearly constant translational speed of the storms
after 60 h in this experiment indicates that the decrease
of the magnitude of the tangential winds with radius
was compensated by its increase due to the storm deep-
ening.

b. Experiments Al and AOI

The first experiment, A1, differs from the noninter-
acting experiment AF by only the variability of the Cor-
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FiG. 5. Time series of the minimum surface pressure for the cou-
pled (AO1) and noncoupled (AF, A1) experiments. Parameters of the
experiments are presented in Table 1.

iolis parameter. That is, in addition to mutual rotation,
the binary storms move northwest due to the beta ef-
fect. The storm tracks in experiment Al are shown in
Fig. 6. During the early period of integration, the vortex
W driven by the circulation of the vortex E was moving
south and then, during the 12—40-h period, southeast.
At the same time, the vortex E, driven by the circulation
of the vortex W, moved north and then northwest.
Hence, the direction of storm W movement at that pe-
riod of time was against the beta drift, while the direc-
tion of storm E movément was in the direction of the
beta drift. For this reason the vortex W was moving
slower than the vortex E. The average translational
speeds of the storms during the 12—36-h period were
2.3 and 4.2 m s™! for storms W and E, respectively.
The important consequence of this asymmetry in the
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FiG. 6. The same as in Fig. 4 but for experiment Al. The dashed
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the centers of vortices. -~ "
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FIG. 7. Distribution of w = dp/dt (mb h™") at level 6 (~550 mb)
in experiment Al at t = 72 h. The vortex located to the west at ¢
= 0'is denoted by the letter W, the other vortex is denoted by the
letter E. ’

storm movements is the difference in the evolution of
the cyclones. One can see in Fig. 5 that storm W is
substantially deeper than storm E. We speculate that
two possible mechanisms could contribute to the ob-
served difference in the storm deepening rates. The first
one is probably directly related to the difference in the
storm translational speeds. Our speculation is based on
the results of previous numerical studies (e.g., Bender
et al. 1993; Falkovich et al. 1995) that show that more
intense basic flows generally decrease the rate of storm
intensification (may be due to increase of ventilation
effects in the boundary layer). In order to deepen, a
tropical storm needs to develop a warm core, to form
an eye, etc. The more intense basic flow tends to im-
pede these processes due to faster convection area re-
placement and boundary layer effects. The second
mechanism is related to the fact that each storm in the
pair moves in a steering flow with considerable vertical
shear. The faster deepening rate of storm W during the
initial period of integration resulted in the development
of the stronger vertical shear in its circulation, which,
in turn, further reduced the deepening of storm E. The
tendency of a tropical cyclone to decrease its intensity
with an increase of vertical shear in the environmental
flows was noted in many studies (e.g., Gray 1979; Ku-
rihara and Tuleya 1981; Shapiro 1992). The apparent
increase in time of the aSymmetries in storm intensities
(up to 44 mb at 96 h) in expenment Al is probably
caused by the progressive increase of the difference in
storm translation speeds and vertical shear structures.
‘Remarkable difference is also found in the storm
structures. Figure 7 shows the vertical velocity distri-
butions for cyclones W and E at 72 h. Only inner parts
of fine meshes are shown. At 72 h the cyclones are
occasionally located in the west—east direction, as they
were at ¢ = O h. At this time we see that storm W has
a distinct area of downward vertical motion (the eye),
whereas storm E has no developed eye. Note that the
latter storm even started to weaken after 72 h (Fig. 6).
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Another feature that can be noted is that storm E is
significantly weaker than either of the storms in exper-
iment AF (Fig. 5). This again correlates well with the
storm translational speeds in these experiments since
the storms in experiment AF were moving slower than
storm E in experiment Al.

Experiment AO1 differs from experiment Al by
only the addition of ocean coupling. As a result of air—
sea interaction, the storms’ evolution and motion were
significantly different from those in experiment Al
(Figs. 5 and 8). The strong wind stress associated with
the storms produced intense turbulent mixing in the
upper ocean, resulting in significant SST decrease. Fig-
ure 9 shows the distribution of the SST anomalies at
72 h. Itis evident that the maximum sea surface cooling
of about 3.5°C occurred in the areas where storms
tracks were close or crossed each other. As a result of
the SST decrease, both storms deepened more slowly
(Fig. 5). Such behavior is in agreement with previous
studies (Khain and Ginis 1991; Bender et al. 1993; Fal-
kovich et al. 1993, 1995) that also demonstrated a re-
duction of storm intensity due to interaction with the
ocean. The main mechanism responsible for the storm
weakening is related to the decrease of the supply of
latent heat energy to the storm caused by the decrease
of the evaporation rate. Figure 5 indicates that the im-
pact of ocean coupling was the greatest on storm W.
The difference in minimum sea level pressure between
this and the uncoupled experiment Al reached about
34 mb at 96 h. During the first 24 h as storm W was
undergoing rapid strengthening, the effect on storm in-
tensification was rather small. However, after 24 h
without ocean interaction, the storm continued to rap-

FiG. 8. As in Fig. 6 but for experiment AO1.
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F1G. 9. Contours of the sea surface temperature anomalies (°C)
in experiment AOl at¢ = 72 h.

idly intensify, whereas the interactive storm deepened
considerably more slowly. The intensification rate of
the latter storm even began to level off after 48 h.

As we can see from Fig. 9 at that time storm W
approached and then passed over the area with water
already cooled by storm E. Hence, the strong weak-
ening of storm W is mainly related to the fact that for
a large period of time it moved over the wake of cold
water generated by storm E.

The evolution of storm E in experiment AO1 was
quite different from storm W. For the first 72 h storm
E was moving over the initially undisturbed ocean and,
therefore, it had a cold wake only at the rear part of the
storm produced by itself. Accordingly, the rate of the
storm intensification was only moderately less than that
in the uncoupled experiment. For example, the differ-
ence in the minimum sea level pressure from experi-
ment Al at 48 h was only about 4 mb. However, after
72 h, when storm E was passing over the cold water
produced by storm W (Fig. 9) it began to weaken (Fig.
5), probably due to an additional decrease of latent heat
flux in the frontal area of the storm. Hence, although
storm E in both experiments Al and AO1 was weak-
ening during the period from 72 to 96 h, the decrease
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was caused by different mechanisms (ocean interaction
in experiment AO1 and fast translation speed in exper-
iment Al). Note that because of the different responses
of the storms E and W to the ocean coupling, the final
difference in minimum pressure in the experiment AO1
was about 18 mb, in contrast to experiment Al when
this difference was 44 mb.

The ocean interaction also introduced a significant
effect on the storm tracks (compare Figs. 6 and 8).
Since the circulation of one storm is a basic flow for
another one in a storm pair, the weakening of storm W
caused the slower rotation of storm E. As a result, the
tracks of both storms were changed dramatically. For
instance, at 96 h storm E in experiment AO1 was lo-
cated over 640 km to the northeast of the same storm
in experiment Al. We can thus conclude that ocean
coupling may greatly affect not only the tropical cy-
clone strengths but also their motions in the case of
binary storm interaction. We finally note that similar to
the other cases discussed so far, the separation distance
between storms in experiment AO1 gradually has in-
creased in the course of integration. No significant dif-
ference was found in comparison with experiment Al
(Table 1).

c. Experiments A2 and AO2

In this pair of experiments the binary storms were
initially separated by a distance of 450 km in the south-
west—northeast direction (Figs. 10 and 11). Because
of the larger separation distance, the binary storms were
rotating around each other with smaller speeds than
those in experiments Al and AO1. This resulted in not
only differences in the storms’ tracks but also in their
intensities and strengths. Figure 12 shows time series
of the minimum sea level pressures for the storms W
and E in experiments A2 and AO2. We immediately
notice that, in contrast to experiment Al, storm E in
experiment A2 was deepening at only a slightly lower
rate than storm W. Such behavior is apparently related
to the reduction of the translational speed of storm E.
Both storms, E and W, attained a supertyphoon strength
by 96 h.

The interaction with the ocean weakened both
storms. However, the effect was larger on storm W. It
was deepening substantially more slowly than the anal-
ogous storm in the noncoupled experiment. After about
60 h storm W began to weaken. Examination of the
storm track (Fig. 11) indicates that during this time
storm W approached the region previously occupied by
storm E so that it was moving close to the track (and
consequently over the cold wake) of storm E. It is in-
teresting to note that because of the 1.5 times smaller
transition velocity and, consequently, stronger coupling
with the ocean, storm W weakened more rapidly in this
experiment than it did in experiment AO1. For exam-
ple, the minimum sea level pressure is 955 mb at 96 h
in experiment AO2, as compared with 940 mb in ex-
periment AO1.
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We also notice the profound effect of the ocean cou-
pling on the repulsion process. The separatxon ‘distance
increased much more quickly in experiment AO2 in
comparison with experiment A2. At ¢ = 96 h the dis-
tance between the storms was 528 km in experiment
A2, whereas it reached 740 km in experiment AO2.
The probable explanation for this effect will be given
in the next section where the mechanisms of attraction—
repulsnon will be dlscussed

d. Experiments A3 and AO3

These experiments are of special interest because the
binary storms merged in experiment A3, but they
moved away in expenment AO3. The expenments are
similar to experiments A1 and AO1 except that the ini-
tial separation distance between vortiées was set t0 280
km. Even the small difference of 40 km in the sepa-
ration distance caused substantial modification in the
storm tracks and intensities (Figs. 13 and 14) in the
noncoupled experiment. Both-storms, W and E, were
weaker than the corresponding ones in experiment Al,
probably. due to faster mutual rotation. For example, at
72 h the minimum sea level’ pressure was 952 mb for
storm E and 928 mb for storm W compared with 947
and 915 mb for the correspondmg storms in experiment
A1 In experiment A3 the storms merged at ¢t = 79 h.
In' order to analyze how the merger process occurs in
the model the mstantaneous prec1p1tat10n fields are
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FiG. 11. As in Fig. 6 but for experiment AO2.

plotted at 48 h (Fig. 15a) and at 72 h (Fig. 15b). It is
seen that at 48 h (31 h before merger) the two fields
were quite well separated from each other by an area
of almost no rainfall. Although the maximum precipi-
tation rates for both storms were nearly the same (120—
140 mm h™'), the area—mtegrated amount of precipi-
tation was greater for the stronger vortex W (not
shown). Over the 24-h period, from 48 to 72 h, the
precipitation maxima and the distance between these
maxima did not change much. For example, the sepa-
ration distance: decreased on;y from 352 to 304 km.
However, the precipitation distribution was remarkably
dlfferent at72 h (’7 h before merger) from the one at
48 h. The precipitation pattern of the weaker storm E
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FIG. 12. Time series of the minimum surface pressure
in experiments A2 and AO2. :
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F1G. 13. The tracks of binary tropical cyclones in experiment A3.
Designations are the same as in Fig. 4.

became extended toward the stronger storm W. Thus,
a part of the precipitation field of storm E turned into
a spiral band of storm W. Within the band, precipitation
is clearly nonuniform and has several maxima. The
main maximum of precipitation (along with the max-
ima of vertical velocity and relative vorticity) still be-
longed to storm E at that time. However, the peripheral
maxima can already be attributed to the precipitation
field (and vertical motion and vorticity fields) of storm
W. Analysis of the precipitation patterns during the
next 7 h preceding the storm merger indicated that the
peripheral maxima grew with time, whereas the main
maximum decreased. By 79 h storm E became insep-
arable from the storm W in field of the surface pressure
and the whole storm E turned into a rainband of storm
W. Thus, in our model the process of merger of binary
tropical cyclones seems to be a displacement of maxi-
mum vorticity, vertical velocity, and corresponding
thermodynamical fields of the weaker storm in the di-
rection of the stronger storm along the spiral bands.
This finding seems to be consistent with observed data
(Lander and Holland 1993).

As a result of the interaction with the ocean, the bi-
nary storms in experiment AO3 moved away from each
other (Fig. 16). It is interesting to compare the storms’
behavior in this experiment with that in experiment
AOIl. Similar to the noninteracting case discussed
above, a small decrease of the initial separation dis-
tance caused significant impact on the tracks of the
tropical cyclones (compare Figs. 16 and 8). Repulsion
in this experiment occurred more rapidly than that in
experiment AO1. Over the 96 h of integration, the sep-
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FiG. 14. Time series of the minimum surface pressure
in experiments A3 and AO3.

aration distance increased from 280 to 592 km, com-
pared with the increase from 320 to 524 km in exper-
iment AO1 (Table 1). However, these changes in the
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FiG. 15. Precipitation rate (mm h™') in experiment A3
at (a)t =48 hand (b) t =72 h.
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tracks have not greatly affected the storm intensities.
By 96 h the minimum sea level pressures of both storms
in experiment AO3 were very close to those in exper-
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iment AO1 (Table 1). Some differences can only be
found in the time evolution of the storms (especially
for storm E) (compare Figs. 14 and 5) that are ap-
parently related to the different amounts of time
spent by each vortex over the cold wake generated
by the other one.

e. Experiments A4 and AO4

The pair of vortices was separated by a distance of
240 km in these experiments. This resulted in rapid
attraction of the vortices and their merger at 31 h (Fig.
17). No apparent difference in the storms’ behavior
between experiments A4 and AO4 is found. This is
probably because of high translation velocity of TCs in
these experiments and, as a result, the weak coupling
of the storm with the ocean in experiment AO4. The
storms in experiment AO4 were rather too weak to pro-
duce a SST decrease sufficient to make a noticeable
impact on the structure and intensity of the storms dur-
ing a short time period before the merger (¢t = 30 h).
However, after the merger, the difference between the
newly emerged storms in experiment A4 and AO4 be-
came more apparent: at 48 h the minimum sea level
pressure was 930 mb in experiment A4, against 947 mb
in experiment AO4.

The small initial separation distance caused the
storms in these experiments to move rather rapidly by
their mutual advection. No apparent asymmetry devel-
oped in storm intensities and structures during the time
before the merger.

As a result, the merger process in this case was quite
different from that in experiment A3. Analysis indi-
cated that during the merger the storms turned into two
equally intense spiral bands of a newly emerged trop-
ical cyclone. Thus, the way in which binary storms
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FIG. 17. The tracks of binary tropical cyclones in experiments (a) A4 and (b) AO4. Designations are the same as in Fig. 4.
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merge seems to depend on their relative intensities and
strengths.

The difference in merger processes between binary
vortices of either different or the same strengths was
also noted by Pokhil (1991) in experiments with a
barotropic model.

5. Mechanisms influencing the merger of two
vortices

In this section we will discuss some possible mech-
anisms responsible for attraction—repulsion of binary
tropical cyclones. In the experiments presented in the
preceding section, merger occurred (did not occur) if
the initial separation distance d was less (more) than
its critical value d,.. The experimentally found mag-
nitude of d, is about 300 km for the noncoupled ex-
periments and is about 260 km for the coupled exper-
iments.

One of the possible effects that determines whether
two interacting vortices will merge or separate depends
on the vorticity distribution of the combined system
(DeMaria and Chan 1984; Chan 1993). In order to
analyze this effect, we plot in Figs. 18 and 19 the vor-
ticity fields at the middle model level (¢ = 0.5) for
experiments Al (72 h) and A3 (48 and 72 h). In the
former case there was no mutual attraction, whereas in
the latter case merger occurred at 79 h. One can see no
significant difference in the vorticity fields at 72 h in
experiment Al and 48 h in experiment A3. Both pat-
terns are characterized by two well-separated vorticity
maxima with small positive values between them. Thus
it is hard to expect that in experiment A3 the vortices
could merge. Note that in this case the distance between
vortices even increased during the period of time from
24 to 48 h. However, during the following 24-h period
the combined vorticity field drastically changed. At
72 h (Fig. 19b) the amplitude of the positive vorticity
between storms significantly increased, and the whole
system of binary vortices was bounded by high vortic-
ity values. We can thus conclude that the merger pro-

T T 1 T L T T T T 1 T T T T T T T k'm
240 W -E c)\— 240
I~ [ = b
120} - N20
L L o
o - =20 E
~40
°r I Y \50
-120: = C 17120
-240} 1-240
-240 -120 0 =240 -120 0 120 240,km

FiG. 18. Distribution of level 5 (¢ = 0.5) vorticity (107> s™")
for experiment Al at ¢ = 72 h.
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FiG. 19. As in Fig. 18 but for experiment A3 at = 48 h (a)
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cess is indeed accompanied by significant structural
changes in the vorticity fields.

As mentioned previously, DeMaria and Chan (1984)
suggest that mutual attraction of two vortices will de-
pend on the sign of the radial vorticity gradient of the
first vortex in the center of the second vortex. In order
to check whether this assumption applies to the present
experiments, we can compare the radial vorticity dis-
tributions in an experiment in which merger occurred
with one in which storms separated. Let us consider,
for example, the vorticity profiles along the line passing
through the storm centers in experiments AF and A4
at t = 24 h. These experiments are chosen because the
structures (the radial distribution of tangential winds or
vorticity ) of the vortices W and E were quite similar.
Figure 20 shows the combined vorticity profiles of both
cyclones at the level 5 (~550 mb). In general, it is
difficult to separate vorticity fields at the center of each
storm. One possible way to accomplish this is to as-
sume that the storms are axisymmetric and to turn over
the vorticity profiles outside of the interactive area to
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FiG. 20. Horizontal distribution of level 5 (o = 0.5) vorticity along the axis connecting the storm centers
in experiments AF (a) and A4 (b) at ¢ = 24 h.

the area between the storms. As one sees in Fig. 20, in
both experiments AF and A4 the signs of the vorticity
gradient of vortex W at the center of vortex E are pos-
itive. It follows that the separation distance is greater
than r. and, according to DeMaria and Chan (1984),
the storms must separate, though the merger occurred
in experiment A4.

Recent numerical studies using nondivergent baro-
tropic models would seem to help in clarifying the role
of the vorticity structures in the process of attraction or
repulsion of binary vortices. Pokhil et al. (1990) used
two different tangential wind profiles

2

w(r) = 1.65Vm<1—:) exp[— %(é) ] . (12)
r r\}1!

o(r) = 3Vm(§>[2 + (E) ] . (13)

where R is the radius of maximum winds.

They found that the critical separation distance was
2.7R for the profile (12) and 3.2 R for the profile (13).
Chan (1993) performed a series of numerical experi-
ments using the following wind profile

wr=n(3)enfi[1- () 0»

where b was set to either 1 or 0.7. His results indicated
that the critical separation distance was about 370 km
for b = 1 and 550 km for b = 0.7, for a radius of
maximum winds set to R = 100 km.

The results of Pokhil et al. (1990) and Chan (1993)
can be summarized as shown in Fig. 21. The figure
depicts the wind and vorticity profiles of the binary

vortices that are separated by the critical distances
found in these studies. One sees that in all cases
d. > r.. Note another important feature: the critical
separation distance in these experiments corresponds
to nearly zero vorticity values between the vortices.
Thus, the binary storms were attracted when positive
vorticity values between the vortices occurred. This
condition can be explained by the advection of the
asymmetric vorticity of one vortex by the symmetric
tangential flow of the other one. The situation resem-
bles the case of developing beta gyres in an initially
axisymmetric vortex on a beta plane. Figure 22 shows
this effect schematically. Consider two axially sym-
metric vortices W and E on the same latitude. We use
here the vorticity profile of the vortex W in experiment
A4 (shown at the bottom of the figure). The tangential
flow of the vortex E transports the vorticity tail of the
vortex W from point C in the direction of point D and
from point A in the direction of point B. As a result,
asymmetric vorticity anomalies (secondary vorticity
gyres) are developed to the north and south of the vor-
tex E. Attraction or repulsion of binary vortices will be
determined by the direction of the flow between these
gyres. To decrease the separation distance, the vorticity
anomalies to the south must be positive and their mag-
nitudes must be greater than those of the vorticity
anomalies to the north.

Figure 22 illustrates that for the barotropic frame-
work, the suggested mechanism determining the attrac-
tion or repulsion between binary vortices is of the same
nature as the mechanism causing the beta drift. The
flow created between the beta gyres depends on advec-
tion of absolute vorticity by axisymmetric circulation
at different radii, not just at one radius. However, the
main contribution of the advection to formation of beta
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FiG. 21. The radial distributions of vorticity corresponding to (a) Eq. (12), (b) Eq. (13) (Pokhil et al. 1990), (c) Eq. (14) b = 0.7,
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found in the numerical experiments.

gyres takes place at the radii in the range of 200—-300
km. In case of mutual interaction of binary TC, the
secondary flow at the center of vortex E is dependent
on the vorticity distribution at all radii, not just at one
radius. In other words, the flow at the center of vortex
E is determined by an integral effect. We believe, how-
ever, that the main contribution to the flow at the center
of vortex E, determining its motion relative to the vor-
tex W, comes from the winds at the radii from 200 to
300 km. Of course, for 3D tropical cyclones, the motion
of binary storms is also determined by the contributions
of the secondary circulation at different levels. The in-
vestigation of the latter mechanism is the subject of
future work. -

The attraction and repulsion of the binary storms in
the experiments presented in this study seem to be in
agreement with the above scheme. It can be seen
in Fig. 20 that the attraction of the storms in experiment
A4 and their repulsion in experiment AF are in a good
agreement with the corresponding vorticity distribu-
tions. In these experiments, the vorticity of the vortex
W is close to zero at the eastern periphery of the vortex
E (point A), whereas the vorticity values are nearly the
same at the northern (point B) and southern (point D)
periphery of the vortex E.

It also should be noted that the interaction between
the vortices in the pair may lead to the development of
asymmetries in the vorticity fields. As a result, positive
vorticity values between the storms could be found
even in cases of repulsion (see, for example, experi-
ment Al, Fig. 18). Hence, the presence of small pos-
itive vorticity values at certain levels between 3D
asymmetric vortices may appear to be insufficient for
storm attraction. The values should be greater than a
certain threshold that seems hard to determine a priori.

Although the mechanisms of attraction or repulsion
of the binary storms in a baroclirtic model can be par-
tially explained using barotropic model simulations,
there is one important difference in the two models that
should be stressed. In a barotropic model there is no
mechanism that can prevent the shape of one of the
interacting vortices from stretching and distorting in the
horizontally sheared flow created by the other one.
Therefore, the maximum vorticity. values of the vorti-
ces usually decrease rapidly as the. storms approach
closer to each other (e.g., Pokhil et al. 1990; Pokhil
1991). In contrast, vorticity structures in a baroclinic
model tend to maintain their shape and intensity even
at rather small separation distances (Fig. 19). The latter
effect may substantially modify the structure of the vor-
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FI1G. 22. A scheme of a mutual tangential vorticity advection influ-
encing the separation distance between two binary vortices. In the
bottom of the figure the vomclty profile of the vortex W in experi-
ment A4 is, shown .

ticity distribution between the storms and therefore in-
fluence theé merger process.

In order to investigate the possible role of baroclinic
effects involved in the interaction of binary vortices,
additional numerical Integrations were carried out us-
ing a barotfopic model with an artificial sink of mass.
The model is a vertically integrated version of the 3D
model described in section 2 on the f plane. In the
experiments performed, a sink of mass was introduced
in the central areas of the barotropic vortices as 125 {1
+ cos[nr(3s)~'1} for r < 3s, where s = 50 km..-

In the first set of experiments we compared the in-
tegrations with and without the mass sink using the
wind profile (14) for b = 1, R = 100 km, and V,, = 60
m's~". It turned out that the vortices 1mt1ally separated
at 350 km merged in the experiment with no sink of
mass. [in agreement with Chan (1993)] but moved
away in the experiment with sink of mass. Inspection
of the vorticity fields in these simulations indicates that
in the latter experiment the vortices were much more
concentrated than the ones in the former experiment.
The analogous -experiments performed using the wind
profile (12) (R = 180 km, V,, = 60 m s ') gave qual-
itatively similar results. That is, for the initial separa-
tion distance of 450 km, the vortices repelled (merged)
with (without) a sink of mass. We can thus conclude
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that baroclinic effects tend to reduce the critical sepa-
ration distance.

Ritchie and Holland (1993) and Holland and Die-
tachmayer (1993) suggested another mechanism de-
termining merger or repulsion of tropical storms. This
mechanism is based on the competition effects of strain
imposed on each vortex by the sheared potential flow
of the other vortex and the tendency toward rotational
symmetry in each vortex patch. The baroclinic effects
mentioned increase the tendency toward rotational
symmetry and, according to Ritchie and Holland
(1993) and Holland and Dietachmayer (1993), should
lead to a decrease in the critical separation distance.
This is consistent with results of our computations.
Comparison of the mechanisms of binary tropical cy-
clones interaction discussed in this paper with that sug-
gested in the studies by Ritchie and Holland (1993)
and Holland and Dietachmayer (1993) awaits further
investigation.

Another effect that might also influence the inter-
action of binary storms in a baroclinic model is the
irrotational component of the storm circulation (wind
flow divergence). This effect, first identified by Chang
(1983, 1984), may enhance the attraction process due
to the advection of the vorticity field of one vortex by
the mean inward radial flow of the other vortex. The
role of the wind convergence in a merger of convective
clouds has been demonstrated recently by Shapiro and
Kogan (1995). They found that the initially separated
convective clouds began to attract by the wind conver-
gence, and the distance between them decreased faster
at the cloud base where the inflow radial velocity had
a maximum. Shapiro and Kogan also identify a critical
separation distance between the clouds based only on
the irrotational wind components.

We finally note that irrotational circulation might
also modify the distribution of the combined vorticity
field between the binary vortices and therefore influ-
ence the barotropic mechanism discussed previously.
Thus, it is generally difficult to distinguish the contri-
butions of the baroclinic and barotropic mechanisms to
the binary storm interaction in 3D simulations because
of the synergistic effect of both mechanisms. A detailed
analysis of these effects will be the subject of future
research.

6. Summary and conclusions

_ In the present study, the evolution and motion of
binary tropical cyclones was investigated using a cou-
pled tropical cyclone—ocean movable nested-grid
model. The model consists of eight-layer atmospheric
and three-layer ocean primitive equation models. There
are five meshes in the atmospheric model. The outer-
most domain is motionless, while the four internal
meshes (two telescopically nested meshes for each cy-
clone) move with storm centers. The ocean model uses
a uniform mesh that is similar to the finest meshes in
the atmospheric model.
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In a set of numerical experiments, a pair of axisym-
metric vortices of equal structure and intensity were
initially separated by specified distances. The ocean
was assumed to be horizontally uniform and motion-
less. The environmental atmospheric and oceanic con-
ditions were set in such a way as to allow the vortices
to rapidly develop to hurricane intensities.

Numerical simulations revealed that the binary
storms evolve on a beta plane in a highly asymmetric
manner in the course of their interaction. It turned out
that the storm initially located to the west (storm W)
always intensifies faster than the one initially located
to the east (storm E). This effect is related to the fact
that during the initial period (about 36 h) of storm in-
teraction the mutual rotation of the storms causes storm
W (storm E) to move southeast (northwest). Hence,
storm W moves against, whereas storm E moves along,
the beta drift. As a result, storm W moves slower than
storm E shortly after the beginning of the integration.
This effect is speculated to be the trigger for the asym-
metric development of the binary storms for the current
set of experiments. This is because the rate of storm
deepening in the present model is quite sensitive to the
storm translation speed: slower moving storms inten-
sify more rapidly. It should be noted, however, that
there is little conclusive observational evidence indi-
cating that the development of tropical cyclones is de-
pendent on the magnitude of mean basic flows. Nev-
ertheless, such a tendency seems to agree well with
other numerical studies (e.g., Falkovich et al. 1995;
Bender et al. 1993).

Once the initial asymmetry is established by the
above mechanism, it continues to grow further during
the mutual storm rotation. This is because the tangential
circulation of the one vortex is a steering flow for the
other one in the vortex pair; and therefore, the more
intense storm generates a stronger rotation. As a result,
the storm moving in a stronger steering flow deepens
more slowly. Another important effect that also con-
tributes to the storm growth asymmetry is related to the
fact that the more intense storm is accompanied by a
stronger vertical wind shear. Therefore, the other storm
is moving in a highly sheared steering flow that -is
known to impede cyclone evolution (e.g., Gray 1979;
Kurihara and Tuleya 1981; Shapiro 1992).

Whether two interacting cyclones will attract or repel
is found to be sensitive to the initial ‘‘critical’’ sepa-
ration distance. This distance is determined by the
structure and intensity of the storms. Both the rotational
(vorticity) and irrotational (divergence) components
of the storm circulations seem to contribute to the pro-
cess of merger. Analysis of the previous studies using
nondivergent barotropic models suggests that one of
the possible conditions for storm merger could be pos-
itive vorticity values between the vortices in the com-
bined vorticity field. The physical reasoning for this
condition is explained by advection of the asymmetric
vorticity of one vortex by a symmetric tangential flow
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of another vortex. Analysis of the 3D model simula-
tions in this study indicates that this condition is prob-
ably necessary but not sufficient for a storm merger. In
one of the experiments in which storms moved away,
a small magnitude of positive vorticity between them
was observed.

The contribution of the baroclinic effects to the
storm merger can be twofold. On the one hand, sup-
plemental experiments with a barotropic model, in-
cluding a mass sink, indicate a decrease of the critical
separation distance in comparison with the experiments
with no mass sink. Analysis of the results suggests that
in the former experiments each storm was able to main-
tain the axisymmetric shape of the vorticity field
against stretching and distortion for closer separation
distances. In this sense, the baroclinic effects decrease
the critical separation distance. On the other hand, the
radial-vertical circulation in the inflow layer associ-
ated with a stronger tropical cyclone might contribute
to the storm attraction and therefore cause an increase
of the critical separation distance. Thus, it is very dif-
ficult to evaluate the role of the baroclinic effects in the
process of storm merger. It is even more difficult to
separate the contributions of the rotational and irrota-
tional components of the storm circulations to this pro-
cess.

Interaction with the ocean had a significant effect on
the evolution, intensity, and tracks of the binary storms
for the current set of experiments. The importance of
the decrease of sea surface temperature caused by the
ocean response to the surface wind stress has been
highlighted recently by Khain and Ginis (1991),
Bender et al. (1993), and Falkovich et al. (1993,
1995). However, this effect is found to be especially
important for the binary storms’ behavior. The reasons
for this can be summarized as the following.

The storm weakening appeared to be stronger com-
pared to single tropical cyclones since the binary storms
are crossing the tracks of each other during the inter-
action. A reduction of tropical cyclone strength in the
pair, in turn, causes slower mutual rotations (storm
translation speeds). Accordingly, this leads to signifi-
cant changes in storm tracks.

It is also found that tlie ocean coupling decreases the
asymmetry of the intensity and strength of binary
storms in comparison to noncoupled experiments. This
is because the more intense and slower-moving tropical
cyclones produce larger sea surface cooling that, in
turn, induces stronger storm weakening. As a result of
the structural changes of the binary storms due to the
ocean coupling, the critical separation distance is also
modified. ‘

Finally, we must note that the numerical experiments
presented in this study are performed for highly ideal-
ized conditions, assuming no basic flow in the atmo-
sphere and a horizontally homogeneous and quiescent
ocean. It can be speculated that the influence of the
ocean response for more realistic cases (such as, for
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example, in the presence of a basic flow) may modify
some of our conclusions. However, the basic mecha-
nisms revealed in this study hopefully will not change
drastlcally for real environment conditions. An exten-
sive investigation of this topic awaits further research.
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