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ABSTRACT

An energetics analysis is presented to reveal the mechanisms by which the environmental flows affect hurri-
cane beta-gyre intensity and beta-drift speed. The two-dimensional environmental flow examined in this study
varies in both zonal and meridional directions with a constant shear.

It is found that a positive (negative) shear strain rate of the environmental flow accelerates (decelerates) beta
drift. The horizontal shear of the environmental flow contains an axially symmetric component that is associated
with vertical vorticity and an azimuthal wavenumber two component that is associated with shear strain rate. It
is the latter that interacts with the beta gyres, determining the energy conversion between the environmental
flow and beta gyres. A positive shear strain rate is required for transfering kinetic energy from the environmental
flow to the beta gyres. As a result, the positive shear strain rate enhances the beta gyres and associated steering

flow that, in turn, accelerates the beta drift.

1. Introduction

The presence of an environmental flow affects hur-
ricane motion not only by advecting axially symmetric
vorticity ( steering) but also by changing axially asym-
metric beta gyres. The beta gyres result from interac-
tions between the symmetric circulation and the gra-
dients of planetary vorticity (the beta effect) or envi-
ronmental relative vorticity (e.g., Holland 1983). The
circulation associated with the beta gyres advects sym-
metric vorticity and induces a propagation component
(beta drift). The beta drift often represents a deviation
from the steering. It is thus of fundamental importance
to understand how the presence of a horizontally vary-
ing environmental flow influences the beta drift of trop-
ical cyclones.

Previous studies of the effects of environmental flow
on hurricane motion have focused on a special envi-
ronmental flow: zonal flows with meridional shears
(e.g., Sasaki 1955; Kasahara 1957; DeMaria 1985),
partially because the environmental relative vorticity
gradient associated with zonal flows is able to enhance
or offset the beta effect. It was found, however, that
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even without a relative vorticity gradient a zonal flow
with a constant anticyclonic (cyclonic) shear can also
accelerate (decelerate) beta drift (Ulrich and Smith
1991; Smith 1991) by enhancing (weakening) the beta
gyres (Williams and Chan 1994).

Wang and Li (1995, hereafter WL95) developed an
energetics theory to explain the physical mechanisms
by which a zonal flow affects the development of the
beta gyres and beta drift. They showed that a zonal flow
with an anticyclonic meridional shear feeds kinetic en-
ergy to the beta gyres, enhancing the gyre-induced
steering flow and accelerating the beta drift. In contrast,
a zonal flow with a cyclonic meridional shear extracts
energy from the beta gyres and slows down the drift.

The mean tropical flows surrounding a tropical cy-
clone are not purely zonal and often contain a substan-
tial meridional component. For instance, the vertically
averaged winds between 300 and 850 hPa, derived
from the European Centre for Medium-Range Weather
Forecasts analyses for the period of 10—17 July 1987
(Fig. 1), show that the mean flow consists of a sub-
tropical ridge around 28°N, a monsoon trough to its
south, and a westerly trough to its north. The maximum
easterly wind along the line AB (Fig. 1) and the max-
imum northerly wind along the line CD have the same
order of magnitude. It is, therefore, necessary to ex-
amine influences on beta drift of a more general envi-
ronmental flow that has both zonal and meridional
components.

Since the mean divergent wind is negligibly small
compared to the rotational wind, we may approxi-
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FiG. 1. Vertical mean wind and geopotential height (contour) field
calcuiated by averaging 300, 400, 500, 700 and 850 hPa data for the
period of 10—-27 July 1987. The data used are from the analyses made
by the European Centre for Medium-Range Weather Forecasts. Wind
with full barb represents 5 m s™'. The interval of geopotential height
is 40 m.

mately express a general mean environmental flow
(U,) in Cartesian coordinates by

U, =iU(y) + jV(x). (1.1)

Here, U and V are zonal and meridional components of
the environmental flow; i and j are unit vectors in zonal
(x-) and meridional (y-) directions, respectively. Tak-
ing a Taylor series expansion for the zonal and merid-
ional winds around an arbitrary point (xg, yo), a large-
scale total environmental flow can be approximated by

a sum of a uniform (U,) and a linear (U,) component;

that is,
U. =10, + Uy, (1.2)

where
Up = Ui + V), (1.3)
Ui(x,y) = Uy(y = yo)i + Ve(x — x0)j.  (1.4)

The environmental flow U, can represent a variety
of environmental flow patterns in the mid to lower
troposphere. Figure 2 illustrates such examples. A
zonally elongated subtropical anticycione (Fig. 2a)
can be described by a U, with U, > 0, V, < 0, and
U,/V. = —3. Similarly, a zonally elongated monsoon
depression (Fig. 2b) is described by a U, with U,
<0,V,>0,and U,/V, = —3. When U, and V, are
both positive, U, represents a saddle flow field. Fig-
ures 2c¢ and 2d show two saddle wind fields with
U,/V, =3 and U,/V, = 1/3, respectively.

The purpose of the present study is to investigate the
effects of a more general environmental flow, which
has both zonal and meridional components, on the in-
tensity of the beta gyres and the drift speed, using the
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approach of the energetics analysis developed in our
previous study (WL95).

2. Kinetic energy equations

To investigate the beta drift of a cyclone in horizon-
tally varying barotropic environmental flows, we used
a shallow-water model. The model was described in
detail in WL95. When the environmental flows are
steady solutions of the model equations, their evolution
caused by interaction with embedded cyclone is neg-
ligibly small and does not affect the cyclone propaga-
tion (WL95). For this reason we fix the environmental
flows during the time integrations so that the effects of
a specified environmental flow on the cyclone propa-
gation can be identified. Since the beta drift depends
on the initial structure of a tropical cyclone in a qui-
escent environment (e.g., Adem 1956; DeMaria 1985;
Chan and Williams 1987; Fiorino and Elsberry 1989;
Wang and Li 1992; Li and Wang 1994), in order to
focus on environmental flow effect, we use the same
initial cyclone in all experiments. The azimuthal veloc-
ity profile of the initial cyclone is given in Fig. 3.

The total flow U consists of an environmental flow
U, and a cyclone circulation. The cyclone circulation
is further decomposed into three components: an axi-
ally symmetric circulation Uy, a pair of beta gyres U,
(azimuthal wavenumber one asymmetric flow), and a
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Fic. 2. Environmental wind fields: (a) a zonally elongated anti-
cyclone, (b) a zonally elongated depression (Northern Hemisphere),
(c) and (d) two saddle flow fields. Abscissa and ordinate units are
1000 km.
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FiG. 3. Azimuthal wind profile of the initial symmetric tropical
cyclone used in the model.

residual asymmetric flow U,... The drift speed is deter-
mined by the asymmetric flow associated with the beta
gyres in the vicinity of the cyclone center (Fiorino and
Elsberry 1989). The intensity of the beta gyres can be
measured by the amount of kinetic energy K,. To ex-
amine the energy source for the gyre development in
an environmental flow, a set of kinetic energy equations
for the cyclone circulation was derived in WL95:

oK,
ar
oK

-a—tg =F, + (K, K;) + (K, Kp) + (K., K,), (2.1b)

Fs - (st Kg) - (Ks’ Krcs) + (Ke, Ks)a (213)

OKes
-_Bt— = Fres + (K.n Kres) - (Kress Kg) + (Ke7 Kres),

(2.1¢c)

where K denotes a domain-integrated kinetic energy
and F is the outward energy flux across the boundary
of integration domain; subscripts e, s, g, and res rep-
resent environmental flow and the components of sym-
metric circulation, gyres, and the residual, respectively;
and the notation (A, B) means a kinetic energy con-
version from A to B. The detailed derivation of (2.1)
and definitions of kinetic energy, energy conversion,
and energy flux terms were presented in WL95. Here,
we list only the two most important kinetic energy gen-
eration equations for the beta gyres. One is the con-
version from environmental flow to the beta gyres (K.,
K,), and the other is the conversion from symmetric
circulation to the beta gyres (K, K,). In Cartesian co-
ordinates they are, respectively,

(Ko, Kg) = —([(U; + U, + Uy)-VU.]- Uy), (2.2a)

(K;, K;) = —((U-VU,))-U,) + (fk- (U, x U,)),
(2.2b)
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where the angular bracket

( ))=ffs( )dS%f_[‘(t)( )dA
R 27

=f rdr ( )di (2.3)
0 0

represents an integration over the model domain S. Be-
cause of the circular nature of the cyclonic circulation,
the integration over the model domain (S) can be eval-
uated by an integration over a circular domain A(z),
whose center is collocated with the center of the mov-
ing cyclone and whose radius is sufficiently large. For
convenience of analysis the integration is then carried
out in the moving system of cylindrical coordinates.
For instance, the cylindrical coordinate form of (2.2a)
(WL95) is

(K., K;) = —=([(V; + V, + V) VV,]- V)
—{(% + Q + Q) (V. X V), (24)

where V is the wind vector in cylindrical coordinates,
Q = v/r, v, is the azimuthal wind component, and k
is a vertical unit vector. Equation (2.4) will be used to
diagnose the energy conversion from environmental
flow to the beta gyres.

3. Dependence of the drift speed on the
environmental shear strain rate

Numerical experiments were performed to assess ef-
fects of different types of linear environmental flows,
U,(x, y), on beta drift. A detailed description of the
model was presented in Li and Wang (1994). The
model domain covers an area of 6000 km X 6000 km
with a square mesh of 40 km. A nine-point smoother
was used in the model computation. Time integrations
were all carried out for 72 h. The displacement of the
cyclone consists of a steering and a beta-drift compo-
nent. To focus on the latter, the steering component was
removed following Williams and Chan (1994). The
resultant track is referred to as a beta-drift track.

The beta drift in a zonal flow with an anticyclonic
shear (U, > 0, case L,) is faster, whereas in a zonal
flow with a cyclonic shear (U, < 0, case L,) it is slower
than the beta drift in a quiescent environment (case L)
(Fig. 4). At first glance, this appears to suggest a link
between environmental relative vorticity and the beta
drift; that is, a negative (positive) environmental rela-
tive vorticity accelerates (decelerates) beta drift.

To test the validity of the above speculation, we de-
signed another pair of experiments in which the linear
environmental flows are meridional, but one has an an-
ticyclonic shear (V, < 0, case L;), and the other has a
cyclonic shear (V, > 0, case L,). The magnitudes of
the shears in all four cases (L,, L,, L;, and L,) are
identical (Table 1). It was found that the mean beta-



330

TaBLe [. A summary of characteristic parameters of the
environmental flows in series of experiments. Here, f; is the Coriolis
parameter at 20°N. The definitions of relative vorticity ({) and shear
strain rate (¢) are given in (3.1), and U, and V, are defined by
meridional variation of zonal flow and zonal variation of meridional
flow, respectively.

Case U, V. ¢ €
Lo 0.0 0.0 0.0 0.0
L 0.12f; 0.0 -0.12f, 0.12f;
L -0.12f, 0.0 0.12f, —0.12f,
L, 0.0 —0.12f, -0.12f; —0.12f,
L, 0.0 0.12f, 0.12f, 0.12f,
Ls 0.06£; -0.06f, -0.12f, 0.0
L ~0.06f, 0.06f, 0.12f, 0.0
L, 0.06f, 0.06f, 0.0 0.12f,
Ly -0.06f, —0.06f, 0.0 —0.12f,

drift speed in case L, (where environmental vorticity
is negative) is smaller, whereas in case L, (where en-
vironmental vorticity is positive) it is greater than that
in case L, (Fig. 4). This disproves the previous state-
ment and indicates that the beta-drift speed does not
depend on the relative vorticity of the environmental
flow.

We note that a linear environmental flow has not
only a constant relative vorticity () but also a constant
shear strain rate (¢); these are defined by, respectively,

L=V, - U, (3.1a)
€=V, + U, (3.1b)

Notice that in cases L, and L,, where the beta drift is
accelerated, the shear strain rate ¢ > 0, while in cases
L, and L;, where the beta drift is decelerated, ¢ < 0.
This suggests that a positive (negative ) shear strain rate
-of a linear environmental flow accelerates (decelerates)
the beta drift. Examining the beta gyres in each case
(Fig. 5) further indicates that the faster beta drift in
positive shear strain rate cases is caused by stronger
beta gyres. In other words, a positive environmental
shear strain rate can enhance the development of the
beta gyres, resulting in a faster drift, or vice versa.

In the previous experiments we fixed the initial cy-
clone structure in order to identify the effects of envi-
ronmental flows. Does the above conclusion remain
valid for cyclones with different structures? To address
this issue, we repeated experiments L,—L, for cyclones

with deferent structures. In general, the azimuthal wind -

profile of the initial cyclone shown in Fig. 3 is con-
trolled by three parameters: the maximum wind speed,
the radius of the maximum wind, and the radius of the
cyclone circulation. By varying these three parameters,
a variety of cyclone structures can be acquired. In the
absence of the environmental flow the beta-drift speed
is proportional to the square root of the mean relative
angular momentum (MRAM) (Wang and Li 1992).
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‘Therefore, the best way to address the issue is to ex-

amine the dependence of beta drift on MRAM in the
presence of various shear strain rates. The MRAM of
the initial cyclone in the control experiment (L) is 1.54
X 10° m? s~'. We designed two cyclones in the addi-
tional experiments A, and B, that have a smaller and a
larger MRAM, respectively (Table 2). For each case,
Ao and B, four experiments were performed in which
the environmental flows are identical to those used in
experiments L;—L,. The total drift distances in 72 h are
shown in Table 3. It can be seen that the dependence
of beta-drift speed on the environmental shear strain
rates does not vary with cyclone structure.

To confirm the above conclusion, four more exper-
iments (cases Ls—Lg) were carried out (see Table 1).
The environmental flows in cases Ls and L have either
positive (case L¢) or negative (case Ls) relative vortic-
ity, but both have vanishing shear strain rates. The lin-
ear flows in cases L, and Lg have either a positive (case
L;) or a negative (case Lg) shear strain rate, but both
have vanishing relative vorticity. Cases Ls and L rep-
resent a circular anticyclonic or cyclonic environmental

T R T
L1
400 , =
1a <’ Ls
L 4
- 12
200 | 4
L N
0 ] i ]
~400 —200 0
X (km)

FiG. 4. The beta-drift tracks at 6-h intervals for a resting environ-
ment case L, (O), linear zonal flow cases L, (*) and L, (#), and linear
meridional flow cases L, (X) and L, (+). The big closed dots denote
the positions of cyclone centers every 24 h. The characteristic param-
eters of these environmental flows are listed in Table 1. Note that
during the first 24 h the beta gyres were gradually generated and the
total beta-drift distances do not significantly differ from each other.
After this initial adjustment period, the mean beta-drift speed exhibits
significant differences.
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FiG. 5. The streamfunctions of the asymmetric gyres at hour 48
with a contour interval of 2 X 10° m® s~' for eight cases listed in
Table 1. Arrows at the cyclone center denote beta-drift velocity of
the cyclone. Abscissa and ordinate units are 1000 km.

flow field, while cases L; and L, represent saddle flow
patterns similar to those shown in Figs. 2c and 2d.
The 72-h propagation tracks (Fig. 6) show that al-
though the directions between cases Ls and Ly are dif-
ferent the total drift distances in both cases are about
the same (440 km in case Ls; and 460 km in case L;).
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TABLE 2. Parameters of the azimuthal wind profile for three
different initial cyclones: V,, is the maximum wind, r,, is the radius
of maximum wind, and R,, is the radius of the cyclone circulation.

MRAM
Cyclones V,.(ms™") 7., (km) R, (km) (10°m?s™")
Ly 30 100 750 1.54
Ao 15 100 600 1.02
By 30 150 900 3.05

The strengths of the gyres in cases Ls and L are also
similar (Figs. Se and 5f) to that in a quiescent environ-
ment (Fig. 4b in WL95), implying that the environ-
mental flows do not change the beta-gyre intensity be-
cause the environmental flows in cases Ls and L have
vanishing shear strain rates. On the other hand, the total
distance of propagation track in case L, (580 km) is
significantly longer than that in case Ly (400 km) (Fig.
6), because the beta gyres are much stronger in case
L, than those in case Ly (Figs. 5g and 5h). This again
demonstrates that it is the shear strain rate, rather than
the relative vorticity of the environmental flow, that
determines the gyres’ intensity. It is interesting to ob-
serve that the strengths of the gyres in cases L, L,, and
L, are almost the same (Fig. 5). The environmental
flows in these three cases have exactly the same posi-
tive shear strain rates (Table 1), so that the rates of the
energy conversion (K|, K,) are nearly the same. This
confirms the conclusion that the shear strain rate of an
environmental flow determines the development rate
and strength of the beta gyres and the beta-drift speed.

In our experiments we have fixed environmental
flow during the integration so that the effects of a spec-
ified environmental flow on beta drift can be readily
identified. In the first four experiments (L;~L,) the
specified environmental flows are steady solutions of
the model equations, and their evolution and impact on
beta drift are negligibly small. In the last four experi-
ments (Ls—L3), however, the environmental flows have
both zonal and meridional shears and are not steady
solutions. In these cases the environmental shear strain
rates change with time, which may feed back to the
beta drift. To check how sensitive the results are to the

TABLE 3. Total beta-drift distances (km) in 72 h for the three
cyclones listed in Table 2 in various environmental flows. In the table,
C=0.587 X 107°s7".

Environmental flows

U=C U=-C U-=0U=0,
Cyclone Resting V, =0, V.=0, V,=0C, V,=-C
Ly 453 592 394 530 364
Ao 275 412 243 345 238
B, 641 937 569 810 517
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F1G. 6. As in Fig. 4 except for general linear flow cases

Ls (*), Ls (X), Ly (1), and L (+).

nonsteadiness of the environmental shearing deforma-
tion, we have made comparative experiments with a
fully nonlinear model in which the change in environ-
mental flows is determined at each time step. The beta-
drift track is obtained by removing the steering effect
of the varying environmental flow. The resultant track,
however, takes into account the influence due to the
interaction between the cyclone circulation and envi-
ronmental flow. The results show that the feedback due
to nonsteadiness of the environmental flows slightly
affected beta-drift speed, but the conclusions regarding
the dependence of beta-drift speed on shear strain rate
remain valid qualitatively. For instance, in the experi-
ments L; and Ly (Table 1) the positive (negative) shear
strain rate makes the beta drift faster (slower). After
taking into account the effect of nonsteadiness ( the cor-
responding experiments are designated by L,, and Lg,,,
respectively ), the beta drift remains significantly faster
in L;, (slower in Ly, ) than that without the shear strain
rate, although the acceleration (deceleration) is slightly
reduced (Table 4). This indicates thatthe conclusions
remain qualitatively valid when the environmental
shearing deformation is nonuniform and varies with
time.

4. Effects of the environmental shear strain rate on
development of beta gyres

Why does the shear strain rate, instead of the vortic-
ity of an environmental flow, control the gyre strength?
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An analysis of the kinetic energy source for the gyres
may provide useful physical insight. Wang and Li
(1995) have shown that the differences in the gyre ki-
netic energy among different linear zonal flows are pri-
marily due to the conversion term (K., K,;). In what
follows, we will show that the energy conversion (K.,
K,) in linear environmental flows depends on the sign
and strength of the shear strain rate.

Consider that the cyclone center is located at x = x,,
y = y.. The environmental flow (1.4) becomes

Ul(x’ )’) = lUy(yc - y()) + jvx(xc - xO)
+ iU (y —y) + jV.(x — x.). (4.1)

The first two terms of the right-hand side of (4.1) rep-
resent a uniform flow component, which does not affect
beta drift. The last two terms of the right-hand side of
(4.1), which are the same as (1.4) except that (x,, y,)
is replaced by (x,, y.), denote a linear flow component.
Only the horizontal shear of the environmental flow
(4.1) plays a role in determining energy conversion
(XK., K,). In cylindrical coordinates whose origin is lo-
cated at the cyclone center (x,, y.),

(4.2)

where r is the radial distance and A the azimuthal angle
measured from due north counterclockwise. The radial
(V,) and azimuthal (V,) component of horizontal shears
of the environmental flow (4.1) are, respectively,

V., = —U, sin\ + V, cos\ = —0.5r(V, + U,) sin2\,
(4.3a)

y—y.=rcos\, and x — x.= —rsinh\,

Vy, = —U, cos\ — V, sin\ = —0.5r
X (V. + U,) cos2\' + 0.5¢(V, — U)). (4.3b)

In the derivation of (4.3a,b), U, = U,(y — y.), Vi
=V.(x — x.), and (4.2) were used. One should note
that a linear environmental flow contains an azimuthal
wavenumber two component and an axially symmetric
component. Use of (4.3a) and (4.3b) in (2.4) and ne-
glect of the effects of residual asymmetric flow yields

(K., K;) = 05V, + U,){(V% — V) sin2A
+ 2V, V), cos2N), (4.4)

where V,, and V,, denote the radial and azimuthal wind
components of the beta gyres, respectively. Equation
(4.4) indicates that the rate of kinetic energy conver-
sion from the environmental shears to the beta gyres is

TABLE 4. Total beta-drift distances (km) in 72 h in the case
Ly, L4, Ls, L3, and Lg,.

Case Ly Case L, Case Ly Case L, Case Lg,

453 580 400 540 422
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proportional to the shear strain rate of the environmen-
tal flows.

The beta gyres shown in Fig. 5 can be primarily de-
scribed as an azimuthal wavenumber one asymmetric
circulation. Assuming that « denotes the azimuthal an-
gle of the anticyclonic gyre center measured counter-
clockwise from due north, the streamfunction of the
beta gyres may be approximately expressed by

Yo = Ry(r) cos(a — \), (4.5)

where R, is the amplitude of the gyres. Substituting
(4.5) into (4.4) leads to

(K., K,) = 0.5(V, + U,)(—sin2a)K,. (4.6)

A cyclone drifts northwestward in the Northern
Hemisphere when its anticyclonic gyre is located in the
northeast quadrant for which sin2a < 0. Thus, a pos-
itive shear strain rate allows the environmental shears
to feed kinetic energy to the gyres, enhancing the steer-
ing flow associated with the gyres and accelerating the
beta drift. The opposite is true for a negative shear
strain rate.

Equation (4.3) indicates that a linear environmental
flow contains an axially symmetric component (inde-
pendent of \) and a wavenumber two azimuthal com-
ponent. The former is associated with relative vorticity,
whereas the latter is associated with shear strain rate.
It is the azimuthal wavenumber two component of the
linear environmental flow that interacts with the beta
gyres and contributes to the kinetic energy conversion
(K., K,).

To interpret the energy conversion process, it is con-
venient to rewrite (4.4) in Cartesian coordinates. Using
the identity sin’2\ + cos?2\ = 1 and transformation

V,e = —U,sin\ + V, cos\, (4.7a)
Vie = —U, cos\ — V, sinh, (4.7b)

in (4.4) yields
(K., Kp) = = (Vi + Uy )(U,V,), (4.8)

where U, and V, are, respectively, zonal and meridional
wind components of the beta gyres in Cartesian coor-
dinates. Equation (4.8) indicates that the gyre momen-
tum flux (U, V, ) acting on the shear strain rate of linear
environmental flows represents a mechanism of the en-
ergy exchange between the linear flow and the gyres.

S. Summary

In this paper we have analyzed the causes for the
development of the beta gyres and the effects of the
development on beta-drift (propagation) speed for a
barotropic cyclone embedded in a horizontally varying
environmental flow with constant shear. Such environ-
mental flow can represent a variety of patterns, which
resemble some typical environmental flow fields sur-
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rounding tropical cyclones. For instance, when the me-
ridional shear of the zonal wind component (U,) and
zonal shear of the meridional wind component-(V,)
have opposite signs (thus the shear strain rate van-
ishes), the flow patterns describe either a subtropical
anticyclone or a monsoon depression, depending on the
sign of the relative vorticity. When both U, and V, have
positive signs and the relative vorticity vanishes, the
flow pattern represents a saddle field with anticyclonic
circulation to the east and west and cyclonic circulation
to the south and north, resembling a flow west of a
subtropical ridge. In general, the pattern of a linear flow
is determined by the ratio of the relative vorticity to
shear strain rate of the flow, and the horizontal aspect
ratio of the flow pattern depends on the ratio of |U,|
to | V,|.

Recent studies (Ulrich and Smith 1991; Williams
and Chan 1994) showed that in a linear zonal flow an
anticyclonic (cyclonic) environmental vorticity can ac-
celerate (decelerate) beta drift. We have shown here
that in a linear meridional flow an anticyclonic (cy-
clonic) environmental vorticity decelerates (acceler-
ates) the beta drift. This opposing result indicates that
the relative vorticity of an environmental flow does not
control beta-drift speed.

We have further demonstrated that the beta-drift
speeds depend on the environmental shear strain rates.
The horizontal shear of an environmental flow contains
an axially symmetric component that is associated with
the relative vorticity and an azimuthal wavenumber two
component that is associated with the shear strain rate
{(3.4)]. The energetics analysis reveals that the azi-
muthal wavenumber two component of the horizontal
shear interacts with the gyres, determining the energy
conversion between the environmental flow and the
gyres. The energy conversion from the linear environ-
mental flow to the gyres requires a positive shear strain
rate of the environmental flow.

The present study focuses only on the factors that
determine beta-drift speed. The factors that control the
rotation of the beta gyres and the direction of the beta
drift will be reported on in an accompanying paper.
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