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ABSTRACT

In this paper. an error source in the atmospheric component of the CZ (Cane-Zebiak) model is
discussed, which is missing a free mode in “the exact solutions”. However, the improved scheme
is proposed, which is the computational scheme with adjusted wind or observed « and v as lateral
boundaries. The simulations show that the simulated surface wind by the improved scheme strong-
ly bears resemblance to the observation except for the area near the west and the east boundaries of
the integrated area. These results support the conclusion that the wind stress simulated by the im-
proved scheme with lateral boundaries is much better than that simulated by the CZ model, and
show that interaction between low and middle latitudes has an important influence on the ENSO
variability in the CZ model. Therefore. considering its impact on the CZ model can improve capa-
bility of the CZ model for simulating ENSO variability.
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1. INTRODUCTION

During the past decades, researches have led to an understanding that formation of El
Nino-Southern Oscillation (ENSQO) is due to the operation of a natural coupled oscillator
of the ocean-atmosphere system in the tropical Pacific (Graham and White 1988; Hirst
1986; 1988; Philander et al. 1984; Cane and Zebiak 1985; Zebiak and Cane 1987). There
are three main components in the ocean-atmosphere system of the tropical Pacific, that is,
sea surface temperature, surface wind, and the thickness of the warm upper layer of the
ocean. Among them, the importance of surface wind recently has been underscored by de-
velopments in the theory and modeling of tropical ocean-atmosphere interaction. Especial-
ly, the zonal component of the surface wind within the equatorial waveguide region be-
comes more important, in which its change causes changes in the slope of the sea surface
and in thickness of the upper layer. finally, it can give rise to generating Kelvin waves
with positive feedback process (Schopf and Suarez 1988; Battisti 1988). Away from the
equator, the wind stress can cause changes in upper layer thickness via Ekman pumping
process resulting in generating the baroclinic Rossby waves with the negative feedback
process (Schopf and Suarez 1988; Battisti 1988; Graham 1987; Cane 1984). Obviously,
these two feedback processes are necessary for formation of the ENSO cycle (Grahan and
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White 1988). Therefore, simulation of surface wind in the tropical Pacific is so important
that it determines whether the ENSO cycle can be simulated in the model. Furthermore,
the above studies on formation theory and dynamics of ENSO show that simple models of
the atmosphere coupled with simple models of the ocean have received a great deal of
achievement and attention recently. Such models have shown themselves capable of realis-
tically reproducing the major large-scale features of the ENSO phenomena (Cane and Zebi-
ak 1985; Zebiak and Cane 1987) and the Cane-Zebiak (CZ hereinafter) model have given
successful prediction for the 1986—1987 El Nino 9 months in advance (Cane et al. 1986;
Zebiak and Cane 1987). It is noted that experimental predictions with the historical data
from 1960 to the present have also shown that the CZ model has the potential to produce
generally reliable El Nino forecast at lead time up to a year or more (Cane et al. 1986).
However, Goswami and Shukla (1991) and Blumenthal (1992) studied the predictability
of the CZ model. Goswami and Shakla pointed out that the error grew up quickly after the
CZ model was integrated for three months and the error mainly came from the atmospheric
component of the CZ model. However, influence of interaction between low and middle
latitudes on ENSO variability in the CZ model has not been considered (Cane and Zebiak
1985; Zebiak and Cane 1987). Therefore. considering the influence of interaction between
low and middle latitudes in the CZ model should be important for further studying the for-
mation mechanism of ENSO cycle. Thus, improvement of the simple atmospheric model
will benefit further efforts to improve the prediction of El Nino and to develop theoretical
study of ENSO using the CZ model. Apparently. there are two questions that might be
still open, thatis, (i) what is the major source of the errors in the atmospheric component
of the CZ model; and (i) how to improve the simple atmospheric model and better simu-
late the surface wind in the tropical Pacific.

In this paper, we attempt to answer the above two questions. Studying shows that
there indeed exists the drawback in the simple atmospheric model resulting in major errors
of the simulated surface wind. These results will be discussed in Section III. In Section IV
an improved computational scheme of the simple atmospheric model will be proposed and
tested, that is, to solve a complete boundary value problem with the forciﬁg term in the
tropical Pacific region using surface wind as lateral boundaries. In Section V, we discuss
variability of surface wind simulated by the improved scheme. The final section is discus-

sion and conclusions.

II. “EXACT SOLUTIONS" OF THE ATMOSPHERIC COMPONENT OF THE CZ MODEL —
APPLICATION OF ADJUSTED SURFACE WIND THEORY

McCreary et al. (1991) pointed out that it is generally difficult or impossible to com-
pare the simple model closely with observations, and hence many of them are untestable,
In order to gain an insight into the error source in the simple model. however, we must
look for exact solutions of the model, which not only satisfy the equations constructing the
simple model, but also are close to observations. The adjusted surface wind theory pro-
posed by Zebiak (1990). which estimates the surface pressure field using the observed
winds, and then reconstructs the wind from the pressure in accordance with the governing

equations, might be consistent with the above requirements.
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The linear non-dimensional momentum equations may be written as
&u — yv=— p,, (1a)
v+ yu =— p,, (b

where p is the surface pressure, assuming « and v respectively to denote components of
observed wind, therefore, p,and p, can be obtained from (la) and (1b). But Egs. (la)
and (1b) imply a particular relation between the wind components that does not hold in
the data due to errors and neglected terms. Thus, the pressure field is not uniquely deter-
mined. The approach was to compute many estimates of the pressure field by integrated
(la—1b) along different paths and to average them. Finally, the pressure field was ob-
tained. We use p’ to denote this pressure field derived from observed wind. Then, we as-
sume again that the wind field responding to the pressure field p' still satisfies the follow-
ing equations:

&' — yv' =—p., (2a)

e + yu' =— p,/. (2b)
Thus, «' and v' can be calculated from Eqgs. (2a) and (2b). which refer to as adjusted
wind. Furthermore, the forcing term —the heating field can be computed from the adjust-
ed wind «' and v’ and pressure p»' according to the following equation (Zebiak 1990) :

Q =¢p +V V. 3
It is noted that the calculated area of the heating field is one smaller circle than that of the
adjusted wind and pressure. Therefore. Eqs. (2a), (2b) and (3) can reconstruct the fol-
lowing equations with lateral boundary conditions:

&u —yv—+ p, =0, (4a)
ev + yu 4+ p, = 0. (4b)
ep+Vev=2Q, (4¢)
u
v d)
4

lateral boundaries.

Here, note that u. v, p at lateral boundaries are given by the adjusted wind and pressure
derived from observed wind outside the calculated area of the heating field. Obviously.
“exact solutions” satisfying Eqs. (4a) — (4c) with the forcing term calculated by (3) are
adjusted wind and pressure derived from the observed wind in the same area as Q term.
Results (Zebiak 1990) show that adjusted wind and derived pressure are very close to ob-
served surface wind and sea level pressure,

According to the linear theory, in fact, solution of Eq. (4) is single baroclinic mode
which can be decomposed into the free mode and the forcing mode and they respectively
satisfy the following equations:

eu; — yv, + p1. = 0,
ev; + yu; + p, = 0,
ep, + V ey, =0,

U, Uy, Pl Ilatera] boundary # 0;

)

where the free mode is satisfied, and
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— YU + P =0,
ev, + yu, + py, = 0,
ep, +V ev, =Q
%3, Ugs P2 | tateral boundary = 0,
where the forcing mode is satisfied. Obviously. solutions of Eq. (5) plus solutions of
Eq. (6) construct solutions of Eq. (4)., which are “exact solutions” of atmospheric compo-
nent of the CZ model with the forcing term Q calculated by Eq. (3).

()]

III. DIFFERENCE BETWEEN THE SOLUTION OF THE ATMOSPHERIC COMPONENT OF THE
CZ MODEL AND THE ‘EXACT SOLUTION"

In the original computational scheme of the atmospheric component of the CZ model,
Eq. (4) is solved by using spectral decomposition in . and finite differencing in y. There-
fore, the finite difference equation of solving the spectral coefficient V may be written as

2
Vo + (mAyk 2 — A4y V=AY E+ENV;+V,,

Z ‘
= Ay&‘z, 1+’”Ayk Q; + Ayé,ﬂ j=1N 1%

where A\ yis the grid spacing. and N is the total number of interior grid point in y. The
boundary condition in (7) is that V=0 (.e. V,=0 and Vy,;=0) at the pole. At same

time, 620———0 and éN-}—]:O are given.
Once the {V;} are found, the {Uv} are obtained using

R+ U, = ey,V,/2 + - ZA Vo —V, ) +ikQ, j=1 N. ®

In this calculation, the domain in y is from —7.9(79°S) to +7.9(79°N), and Ay=
0.2 (—200 km). The spectral decomposition is done using a 64-point FFT, and the do-
main in x is the full 360° longitude, giving a spatial resolution (in x) of about 600 km. It
is noteworthy that parameterized method for the convective heating, which is related to
SSTA., convergence in the lower troposphere, and feedback to surface wind, is utilized in
the atmospheric component of the CZ model. However, these feedback processes between
latent heat release in areas of organized convection and the wind field are available for the
tropical region. In order to compare the solutions of Egs. (7) and (8) with adjusted wind
(“exact solutions”), Q calculated by (3) is used instead of parameterized @ in (7) and
(8) from 25°S to 25°N.

The difference maps between the simulated surface wind by (7)., (8) and (3) and ad-
justed wind are shown in Figs. 1a—1f. The difference maps clearly show that there exist
obvious differences in the simulated surface winds by (7) and (8). especially off the equa-
tor, and the differences are decayed far away from the north and south boundaries of the
area where Q is calculated by (3). Furthermore, the differences still have an influence on
the wind along the equator in the most cases although the differences near the equator are
much smaller than those north of 5°N or south of 5°S.

Where do the differences come from?

At first. we have to keep in mind that (i) the heating field Q is only calculated in the
Pacific region from 25°S to 25°N by using Eq. (3) from adjusted wind and derived pressure
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Fig. 1. Difference maps between the simulated surface wind anomalies by the CZ model and adjusted
wind anomalies. (a) March 1983; (b) January 1984: (c) February 1986; (d) January 1987:
() December 1987; () July 1988.
and Q is zero outside the region; (ii) the model is integrated from 0° to 360° in longitude
and from 79°S to 79°N in latitude with the lateral boundary condition z=0. Thus, the so-
lutions in the area with non-zero @ can be obtained and the solutions along the circle out-
side the area with non-zero @ (at 27°S and 27°N) are only determined by v and Q along the
circle of the boundary of the area with non-zero Q. which are not related to « and v outside
the area with non-zero Q. and the solutions in other area are equal to zero by using Eqgs.
(7) and (8).

Therefore, it can be thought that the atmospheric component of the CZ model written
by Egs. (7) and (8) with the calculated domain from 0° to 360° in longitude and from 79°S
to 79°N in latitude and Q given in the tropical Pacific from 27°S to 27°N (including non-ze-
ro Q from 25°S to 25°N and zero @ along the 27°S and 27°N latitudes) and zero @ in other
areas is basically equivalent to the following boundary value problem:

eu— yv+ p., =0,

ev+ yu+ p, =0,

ep+Vev=Q

%, U, P | fagoral boundary = O, aty=2.9, —2.9
and the calcualted area covers the tropical Pacific from 27°S to 27°N. Comparing (9 with
(5). (6) and (4). we can find that (9) is responding to (6). that is, the solutions of (9)
are only involving the forcing mode of Eq. (4) which produces “exact solutions” of atmo-
spheric component of the CZ model. Obviously, the “exact solutions” of Eq. (4) subtract-
ing the solutions of Eq. (9) should be equal to the free mode from Eq. (5). Thus, it is
clearly that the solutions from the original schemes (7) and (8) of the atmospheric

C))
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component of the CZ model lost the free mode part of the “exact solutions”. The free
mode implies impact of lateral boundaries with non-zero on the solutions inside the calcu-
lated area. This means that in the original computational scheme, interaction between
flow fields outside and inside the calculated area is not involved. As a result, the solutions
from this scheme only can express the flow field in an isolated tropical atmospheric sys-
tem. Therefore, we can conclude that the source of the errors in the original scheme of at-
mospheric component of the CZ model comes from loss of the free mode included in the
“exact solutions™. In other words, the effect of the flow field outside the calculated area
on that inside the area unconsidered in the scheme is a source causing the differences be-
tween the solutions from the atmospheric component of the CZ model and “the exact solu-
tions” .

IV. AN IMPROVED SCHEME WITH COMPLETE LATERAL BOUNDARY CONDITION

The scheme exactly solving Eq. (4) should involve two aspects: one is that the com-
putational scheme includes complete boundary conditions, which is proposed as complete
boundary value problem; the other is that the solutions from the scheme completely in-
clude free mode and forcing mode of Eq. (4). Therefore, an improved scheme which satis-
fies the above requirements should be as follows.

As same as the original scheme of the atmospheric component of the CZ model, Eq.
(4) is solved by using spectral decomposition in x and finite differencing in y. Therefore,

the following equations can be obtained:

eU — yV /2 = ikP, (10a)
&V +y/2=—P, (10b)
eP +ikU +V,=—Q, (10c)

where U, V, P, Q are spectral coefficients. From Egs. (10a) and (10c). we can get the
following formula:

U@+ k) =ik Q+ yeV /2 + ikV,. an
Similarly, the following equation is obtained from Eqs. (10a) and (10b) :
U, — ikyU/2 — ikeV — V)2 — %Vy =0, (12)

and from Egs. (10b) and (10c). we can obtain

PRU, +V,, — eV —eyU/2 = — Q,. a3
Eliminating the first term in Egs. (12) and (13). and substituting (11) into the resulting
equation, the variable U is finally eliminated and the following equation with a variable V

is obtained:

~

2 : ;
v, + (— 2 +i_ez_k2)V:—Qy+zz—keyQ. (14)

4" 2
Eliminating the V,, term in (13) using (12) and then substituting (11) into the resulting
equation, the variable V is eliminated and we can obtain the equation with a variable U as

follows:

2 ; ~
Upy— C+ 2 ey mu=——ad+Llv,— 22, 15)
4 2e € 2e
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Assuming
U =Uj+1 + Uj—l — ZUJ
yy Ayz 4
v VitV — 2V,
¥y Ayz ’
Vi, —V,._
V — j+1 Jj 1‘
Y 2Ay
é éJ+1 - é
2Ny
the finite difference Eqs. (14) and (15) may be written as
2
Vo + (liTAy & — 9 A4y ¥ — Ay + )V, + Vi
k .
= AyQ, 14—’"A3V yQ; + Ame j=1 N, 16
Ui — ELXE L 4 By 4 pyee +EDU; + Ui
= %3 Vi — Vo + %e ¥, Qi — Q) —inAYkRQ;,, j=1 N an
and the lateral boundary conditions are ‘
v (18)
Vli=o. n+1.

The difference Eqs. (16) and (17) with the forcing term Q calculated by (3) are calcu-
lated from 0° to 360° in longitude and from 25°N to 25°S in latitude. The lateral boundary
conditions are given by U component and V component of the adjusted wind at 27°N and

27°S. In order to correctly compute &2,, in Egs. (14) and (15) at 25°N and 25°S. the Q val-
ues at 27°N and at 27°S are also given using (3).

The same six cases as those calculated by the original scheme of atmospheric compo-
nent, which are arbitrarily choose, are calculated by (16), (17) and (18). The simulated
surface wind and difference between simulated surface wind and adjusted wind are respec-
tively given in Figs. 2—7.

Figures 2—7 clearly show that the improved computational schemes (16) and (17)
with lateral boundary condition (18) simulate the adjusted wind very well except for those
near the west and east boundaries of the area where Q is calculated by (3). Especially, it
is noteworthy that the differences in the area from 160°E to 120°W are generally smaller
than 1. 0. and even they do not have any significant influence on the simulated zonal wind
along the equator from 160°E to 120°W. Apparently. the results from (16) — (18) are
much better than those from (7) and (8). Why are there still marked differences near the
west and east boundaries of the area where Q is calculated by (3)? This is because the @
field is only given in the Pacific region from 27°N to 27°S and from 129. 375°E to 73. 125°W
and discontinuity of the Q field along the latitudinal zone appears at the west and east side

boundaries of the non-zero Q area. As a consequence, there exist apparent differences in @
near the west and east boundaries of the non-zero @Q area when Q is spectrally expanded
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Fig. 2. (a) the simulated surface wind anomalies in March 1983 by version of the CZ model: (b) the

difference map between simulated surface wind anomalies and adjusted wind anomalies in March

1983.
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along the latitudinal circle, and errors of simulated surface wind can be arisen from errors

of Q. Obviously. it also reflects that schemes (16) — (18) still do not consider the
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Fig. 8. Difference map between the simulated surface wind anomalies by version of the CZ model and
those by the CZ model in March 1982.
influence of flow field outside the west and east boundaries of non-zero Q area on the flow
field of the interior region. and the influence of flow field outside the north and south
boundaries of the non-zero Q area on the flow field of the interior region is only consid-
ered.

It is noteworthy that the simulated surface wind in March 1983 (see Fig. 2a) bears a
strong resemblance to that in observation, in which the westerly anomalies to the west of
170°E dominate from 20°S to 20°N and the easterly anomalies to the east of 170°E from

- 20°S to 20°N. The difference between both surface winds is small except for the area near
the west and east boundaries of the non-zero Q area (Fig. 2b). Figure 3b shows that the
easterly anomalies to the west of 170°E are strengthened and the westerly anomalies to the
west of 170°E are weakened although the strengthened and weakened values are less than
1. 0 from 140°E to 110°W, especially along the equator. Figure 8 represents the difference
between the surface wind from the improved scheme and the CZ model in March 1983. It is
clearly shown that the v;resterly anomalies to the east of 170°E are weakened, especially
north of 10°N, and the easterly anomalies to the west of 170°E are strengthened in the CZ
model. Fortunately, the differences along the equator between the improved scheme and
the CZ model are less than 1. 0. The above result indicates that the improved scheme is
able to improve the simulation during the El Nino events compared with the CZ model.

Figures 9 and 10 respectively give difference of surface wind between the improved
scheme and the CZ model in Feb. 1986 and Jan. 1984. Figures 9 and 10 clearly show that
the simulated surface wind has been improved a lot by the improved scheme and it is inter-
esting that the difference surface winds shown in Figs. 9 and 10 are very similar to those in
Figs. 1a and 1b. This fact further confirms that the error source of the CZ model is due to
unconsidering the impact of surface wind outside the calculated area by (3) on that in the
interior area, which means that the CZ model lost the free mode of Eq. (4) regardless of
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Fig. 10. As in Fig. 8. except for January 1984.
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Fig. 11. Impact of lateral boundaries on surface wind anomalies in the interior area in February 1986.

the errors resulting from the parameterized heating field.

In order to further verify the above fact, the solutions with free mode are solved by
using (16) and (17) with non-zero lateral boundary conditions and zero Q in the whole in-
terior area. Figure 11 gives a pure impact of north and south boundaries on solutions in the
interior area. Comparing Fig. 11 with Fig. 9 and Fig. 1a, the surface wind anomalies re-
sulting from the north and south boundaries in Fig. 11 are well consistent with the
difference surface winds in Fig. 9 and Fig. 1a. This result completely proves this fact that
lossing a free mode in the CZ model is the main error source of the CZ model regardless of
the errors from the parameterized heating field.

V. APPLICATION OF THE IMPROVED SCHEMES TO ATMOSPHERIC COMPONENT OF THE CZ
MODEL

The atmospheric component is from Jan. 1970 to Dec. 1989. The correlation coeffi-
cients between simulated wind stress in the CZ model and observed wind stress from FSU
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Fig. 12. Correlation between wind stress anomalies in the CZ model and observation.
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Fig. 13. Time-longitude cross section of wind stress anomalies along the equator in the CZ model. (a)

x component; (b) y component.
are shown in Fig. 12. The correlation map shows that the areas where the coefficients are
greater than 0.5 in the « component is located from 4°S to 4°N and from 155°E to 155°W
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Fig. 14. As in Fig. 13, except for observation.
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and in the v component located from 3°N to 9°N and from 170°W to 130°W and near
. Australia. These features have captured the main characteristics of wind stress near the
equator, which control formation and evolution of the ENSO events (Cane et al. 1986).



172 ACTA METEOROLOGICA SINICA Vol. 10

Figures 13a—13b give longitude-time cross sections of simulated x component wind stress
anomalies along the equator from January 1980 to December 1989 (not shown from 1970 to
1979). Comparing Figs. 13a—13b with Figs. 14a—14b, it is shown that the main charac-
teristics of the wind stress anomaly in observation have been captured by the simulated
wind stress anomalies, especially during the ENSO events. The improved atmospheric
component with the lateral boundaries, sea surface wind anomalies or sea surface pressure
anomalies at 27°N and 27°S are integrated for twenty years from January 1970 to December
1989.

Figure 15 gives the correlation coefficients between wind stress « simulated by the
improved scheme with observed « and v as lateral boundaries and Q calculated by the same
parameterization as the CZ model and observation.

Figure 15a shows that the maximum coefficient along the equator reaches to over 0. 6
and the area where the coefficients are greater than 0.5 have almost occupied western and
central tropical Pacific and the areas north of 15°N and south of 15°S. Comparing Fig. 15a
with Fig. 12a, we can see that the u component of the simulated wind stress by the im-
proved scheme is much better than that by the CZ model. Figure 15b also shows that the v
component near the north and south boundaries in the improved scheme is also better than
that shown in Fig. 12b but the maximum correlation coefficient near the equator in the im-

proved scheme is smaller than that in the CZ model.
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Fig. 16. As in Fig. 13, except for version of the CZ model.
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Longitude-time cross sections of the » wind stress along the equator from the im-
proved scheme are shown in Figs. 16a—16b. Comparing Figs. 16a—16b with observations
shown in Figs. 14a — 14b, the » component of wind stress simulated by the improved
scheme strongly bears resemblance to observations, especially during the El Nino and La
Nina events. If we compare the results from the CZ model with observations in detail, we
can find that there are some differences between them. For example, the positive anoma-
lies of the « wind stress over the equatorial central-eastern Pacific are successfully simulat-
ed by the CZ model during the 1982 — 1983 El Nino period, but negative anomalies are
appearing in this area from September 1983 to beginning of 1984 in observations; while
positive anomalies are still keeping in the CZ model and the positive anomalies over the
equatorial central-eastern Pacific from July 1986 to March 1988 and negative anomalies
from March 1988 to end of 1989 in the CZ model are stronger than observations. Howev-
er, the simulated x wind stress in the improved scheme is consistent with observations

well.
VI. DISCUSSION AND CONCLUSIONS

The above results clearly show that there is an error source in the atmospheric compo-
nent of the CZ model, which is missing a free mode in the solutions.

In this paper. the improved scheme is proposed, which is the computational scheme
with adjusted wind or observed # and v as lateral boundaries. The simulations show that
the simulated surface wind by the improved scheme strongly bears resemblance to the ob-
servation except for the area near the west and the east boundaries of the integrated area.
The difference between surface winds simulated by the improved schemes and by the CZ
model just is the free mode of the exact solutions of the model equations with adjusted
wind as lateral boundaries.

The improved scheme is applied to the atmospheric component with the Q calculated
by a parameterization with a feedback process. The correlation coefficients between wind
stress simulated by the improved scheme and observation are higher than those between
wind stress simulated by the CZ model and observations. It is noteworthy that the correla-
tion coefficients of the # component near the equator are higher in the improved scheme
than those in the CZ model. It has been pointed out that the zonal component of the sur-
face wind within the equatorial ‘waveguide region is more important because its change is
directly related to ENSQ variability (Schopf and Suarez 1988: Battisti 1988). Therefore,
these results clearly reflect that the impact of lateral boundaries on the simulated « compo-
nent is significant even if the area is located near the equator but the impact of lateral
boundaries on the simulated v component near the equator is not significant. The longi-
tude-time cross sections of the # component and v component of the wind stress simulated
by improved scheme with the same @ as in the CZ model are more consistent with the ob-
served than those from simulated wind stress by the CZ model. These results support the
conclusion that the wind stress simulated by the improved scheme with lateral boundaries
are much better than those simulated by the CZ model. Obviously, adjusted wind proce-
dure (Zebiak 1991) looks like a filter which makes surface wind, sea level pressure and
forcing term satisfy the model equations. The observed surface wind or sea level pressure
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has to be filtered by this procedure before they are used as lateral boundaries,

However, the above scheme with adjusted wind or observed wind as lateral
boundaries only can be used to simulate the surface wind stress in the tropical ocean be-
cause the lateral boundaries come from observations. If the scheme with lateral boundaries
is applied to the prediction model, apparently, the lateral boundaries with surface wind
have to be predicted.

On the whole, interaction between the low and the middle latitudes has an important
influence on the ENSO variability in the CZ model. Therefore, considering its impact on
the CZ model can improve capability of the CZ model for simulating ENSO variability.

I would like to express thanks for support and discussion from Dr. S. E. Zebiak and Prof. Mark A.
Cane, Lamont-Doherty Earth Observatory of Columbia University.
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